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RÉSUMÉ 
L’ubiquitination, une modification post-traductionnelle importante pour le contrôle de 
nombreux processus cellulaires, est une réaction réversible. La réaction inverse, nommée 
déubiquitination est catalysée  par les déubiquitinases (DUB). Nous nous sommes intéressés dans 
nos travaux à  étudier l’ubiquitination de l’histone H2A (H2Aub), au niveau des résidus lysines 
118 et 119 (K118/K119), une marque épigénétique impliquée dans la régulation de la 
prolifération cellulaire et la réparation de l’ADN. Le régulateur transcriptionnel BAP1, une 
déubiquitinase nucléaire, a été initialement identifié pour sa capacité à promouvoir la fonction 
suppressive de tumeurs de BRCA1. BAP1 forme un complexe multi-protéique avec plusieurs 
facteurs transcriptionnels et sa fonction principale est la déubiquitination de H2Aub. Plusieurs 
études ont démontré que BAP1 est un gène suppresseur de tumeurs majeur et qu’il est largement 
muté et inactivé dans une multitude de cancers. En effet, BAP1 émerge comme étant la DUB la 
plus mutée au niveau des cancers. Cependant, le ou les mécanismes d’action et de régulation du 
complexe BAP1 restent très peu connus. Dans cette étude nous nous sommes intéressés à la 
caractérisation moléculaire et fonctionnelle des partenaires protéiques de BAP1. 
 De manière significative nous avons caractérisé un mécanisme unique de régulation entre 
deux composants majeurs du complexe BAP1 à savoir, HCF-1 et OGT. En effet, nous avons 
démontré que HCF-1 est requis pour maintenir le niveau protéique de OGT et que cette dernière 
est indispensable pour la maturation protéolytique de HCF-1 en promouvant son clivage  par O-
GlcNAcylation, une signalisation cellulaire nécessaire au bon fonctionnement de HCF-1.  
Également, nous avons découvert un nouveau mécanisme de régulation de BAP1 par 
l’ubiquitine ligase atypique UBE2O. En effet, UBE2O agit comme un régulateur négatif de 
BAP1 puisque l’ubiquitination de ce dernier induit sa séquestration dans le cytoplasme et 
l’inhibition de sa fonction suppressive de tumeurs.  
D’autre part nous nous sommes penchés sur la caractérisation de l’association de BAP1 
avec deux facteurs de la famille des protéines Polycombes nommés ASXL1 et ASXL2 
(ASXL1/2). Nous avons investigué le rôle de BAP1/ASXL1/2, particulièrement dans les 
mécanismes de déubiquitination et suppression de tumeurs. Nous avons démontré que BAP1 
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interagit directement via son domaine C-terminale avec le même domaine ASXM de ASXL1/2 
formant ainsi deux complexes mutuellement exclusifs indispensables pour induire l’activité 
déubiquitinase de BAP1. De manière significative, ASXM s’associe avec BAP1 pour créer  un 
nouveau domaine composite de liaison à l’ubiquitine. Ces interactions BAP1/ASXL1/2 régulent 
la progression harmonieuse du cycle cellulaire. De plus, la surexpression de BAP1 et de ASXL2 
au niveau des fibroblastes induit la sénescence de manière dépendante de leurs interactions. 
D’autre part, nous avons identifié des mutations de cancers au niveau de BAP1 le rendant 
incapable de lier ASXL1/2, d’exercer sa fonction d’autodéubiquitination et de ce fait d’agir 
comme suppresseur de tumeurs. Ainsi nous avons  révélé un lien étroit entre le gène suppresseur 
de tumeurs BAP1, son activité déubiquitinase et le contrôle de la prolifération cellulaire.  
Mots clés : Chromatine, modifications post-traductionnelles des histones, histone H2A 
K118/K119 monoubiquitination, protéines Polycombes, complexe PR-DUB, ubiquitination, 
déubiquitination, BAP1, HCF-1, OGT, O-GlcNAcylation, clivage protéolytique, ASXL1, 
ASXL2, prolifération cellulaire. 
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ABSTRACT 
The reverse reaction of ubiquitination, a crucial post-translational modification, is 
catalyzed by deubiquitinases (DUBs). BAP1 is an ubiquitously expressed nuclear DUB that 
recently emerged as an important tumor suppressor highly mutated and inactivated in an 
increasing number of cancers of diverse origins. Both somatic and germline mutations with loss 
of heterozygosity were observed in tumors, making BAP1 the most mutated DUB in human 
malignancies. We previously reported that BAP1 is a component of a large multi-protein 
complex that includes several transcription regulators. The Drosophila homologue of BAP1, 
Calypso, forms the Polycomb-repressive DUB (PR-DUB) complex with Additional Sex Comb, 
ASX.  This complex catalyzes the deubiquitination of histone H2A, an essential chromatin 
modification that regulates gene expression. Despite the ever increasing number of findings 
describing the occurrence of BAP1 mutations in cancers, few studies investigated the 
mechanisms of action of this DUB as a tumor suppressor. Therefore, the biological function and 
the mechanism of action and regulation of BAP1 remains largely uncharacterized. 
  In the work described in this thesis, we investigated the roles of BAP1 partners in 
modulating its catalytic activity and tumor suppressor function. 
More specifically we discovered a unique mechanism of regulation between two major 
components of BAP1 complexes, namely HCF-1 and OGT. Indeed, HCF-1 is important for the 
maintenance of the cellular levels of OGT. OGT, in turn, is required for the proper proteolytic 
maturation of HCF-1 by promoting its O-GlcNAcylation. This signaling event is required for 
HCF-1 function as a cell cycle regulator.   
On the other hand, we deciphered an intricate mechanism of regulation of BAP1 by the 
atypical E2/E3 ligase, UBE2O. UBE2O, promote the multi-monoubiquitination of BAP1 on its 
NLS mediating its cytoplasmic sequestration and thus inhibition of its tumor suppressor function.   
Another aspect of modulation of BAP1 H2Aub catalysis is provided by the association of 
BAP1 with ASXL1 and ASXL2 (ASXL1/ASXL2), two orthologs of ASX. We investigated the 
role of BAP1/ASXL1/2, particularly in the mechanisms of deubiquitination and tumor 
vsuppression. We have demonstrated that BAP1 interacts directly via its C-terminal domain with 
the ASXM domain of ASXL1/2, thus forming two mutually exclusive complexes. Significantly, 
ASXM promote, through assembly with BAP1, the generation of a composite ubiquitin binding 
domain (CUBI), indispensable for inducing the deubiquitinase activity of BAP1 towards H2Aub. 
The interactions between BAP1 and ASXL1/2 regulate cell cycle progression. In addition, 
overexpression of BAP1 or ASXL2 in fibroblasts induces senescence in CTD- and ASXM-
dependent manner. We also identified cancer-derived mutation of BAP1 that selectively abolish 
its interaction with ASXL1 and ASXL2 as well as its H2A deubiquitinase activity. Significantly, 
this mutant suppressed senescence induced by BAP1 overexpression. Thus we provided a link 
between the tumor suppressor BAP1, its deubiquitinase activity and the control of cell 
proliferation. 
Key words : Chromatin, histones post-translational modifications, histone H2A 
K118/K119 monoubiquitination, Polycomb proteins, PR-DUB complex, ubiquitination, 
deubiquitination, BAP1, HCF-1, OGT, O-GlcNAcylation, proteolytic cleavage, ASXL1, 
ASXL2, cell proliferation. 
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1. Introduction 
1.1 Structure de la chromatine et régulations épigénétiques 
Ce qui démarque le développement des organismes multicellulaires, est leur capacité à 
pouvoir former spécifiquement des types de tissus cellulaires distincts. Malgré la similarité au 
niveau des séquences génétiques, différents types cellulaires se caractérisent par des profils 
d’expression géniques distincts et leurs identité cellulaire doit être conservée durant les 
divisions somatiques. Cette spécificité cellulaire est maintenue grâce à l’épigénétique qui se 
définie comme étant l’information de l’épigénome qui est indépendante de l’information 
génétique au niveau de l’ADN et qui est stable et se transmet de manière héréditaire1,2. 
L’épigénome est organisée au sein des cellules eucaryotes de manière très spécifique afin 
de permettre une expression harmonieuse des gènes et ce dépendamment du contexte 
physiologique, du tissu ou de l’organe dans lequel la cellule se situe. 
1.1.1 Structure et fonctions de la chromatine : 
La chromatine est la structure fondamentale qui caractérise l’assemblage de l’ADN avec 
les histones. Elle représente ainsi un échafaudage permettant de condenser tout le génome en 
entier plusieurs milliers de fois à l’intérieur du noyau. L’organisation spatio-temporelle du 
génome favorise une structuration hautement ordonnée et contrôlée de la chromatine ainsi 
qu’une accessibilité adéquate aux gènes. À cette fin, plusieurs processus très dynamiques au 
niveau de l’ADN sont conjointement agencés à savoir, la transcription, la réplication et la 
réparation de l’ADN. Ceci est assuré par la collaboration étroite entre les histones, les facteurs 
responsables du recrutement ou de l’éviction des histones au niveau de l’ADN, les enzymes 
qui modifient spécifiquement les histones et l’ADN (on parle dans ce cas précis de la 
méthylation de l’ADN) et les complexes protéiques de remodelage de la chromatine 1,3-7.  
Le nucléosome est l’unité fondamentale de la chromatine. Il est composé de deux copies 
d’un octamère des quatre histones principales (H2A, H2B, H3, H4) enroulé de 147 paires de 
bases d’ADN constituant ainsi le premier niveau de compaction de l’ADN. On y retrouve un 
tétramère de H3-H4 et un dimère de H2A-H2B. Les nucléosomes sont séparés par des 
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séquences d’ADN qui permettent de faire le lien entre les différentes particules de ce dernier. 
Ces petites séquences d’ADN nommées, séquences de liaison de l’ADN (DNA linker), peuvent 
être liées par l’histone H1 rajoutant ainsi un autre niveau de compaction à la structure de la 
chromatine. La structure du nucléosome est globulaire. Des extensions terminales des histones 
de structure indéfinie, appelés les queues des histones (pour histones tails) se prolongent à 
travers le nucléosome. Le domaine globulaire des histones ou encore appelé, histone fold est 
un domaine basique formé de trois hélices α et présente ainsi une affinité hautement élevée 
pour l’ADN1,6-10 
1.1.2 Modifications post-traductionnelles des histones : 
Les nucléosomes assurent la mise en place et la coordination d’évènements moléculaires 
impliquant les histones 11. De manière plus spécifique, les queues des histones constituent des 
déterminants majeurs pour la régulation de la fonction de la chromatine. En effet, les 
extensions terminales des histones représentent une plateforme qui héberge différents 
évènements de signalisations ainsi que des modifications post-traductionnelles (PTMs) 12,13 
(Figure 1.1). Néanmoins des modifications post-traductionnelles ont toutefois été identifiées 
au niveau de la région globulaire du nucléosome 13. À ce jour, plus de 100 sites de 
modifications ont été détectés par spectrométrie de masse ou grâce à l’utilisation d’anticorps 
spécifiques. Ceci inclue d’une part les modifications communément connues et qui ont été 
largement étudiées comme la phosphorylation au niveau des résidus sérines/thréonines, 
l’acétylation et l’ubiquitination au niveau des lysines, la méthylation des résidus  
lysines/arginines, l’ADP-ribosylation au niveau de l’acide glutamique et d’autre part les 
modifications nouvellement identifiées ou peu caractérisées comme la O-GlcNAcylation sur 
les sérines/thréonines, la crotonylation sur les lysines et la déamination au niveau des arginines 
13-22.  
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Figure 1.1 : Représentation du nucléosome et des modifications post-traductionnelles des 
histones : (A) Schéma du nucléosome présentant les quatre histones et autour duquel s’enroule 
l’ADN. (B) présentation des majeurs modifications post-traductionnelles (PTMs) des histones qui se 
produisent au niveau des queues N- et C-terminaux des histones. Modifiée de Susana Gonzalo, 
Department of Biochemistry & Molecular Biology, Saint Louis University School of Medicine. 
Vue la complexité de régulation au niveau de la chromatine, le nombre de résidus 
modifiés au sein des histones est probablement sous-estimé. L’identification des multiples 
modifications des histones, dont les unes corrèlent avec l’activation de l’expression des gènes 
et d’autres avec la répression transcriptionnelle a contribué à l’émergence de la théorie du 
« code de l’histone », « histone code ». Ce n’est que dans les années 1960 que les histones ont 
été identifiées comme étant modifiées de manière post-traductionnelles. Depuis ce temps, il a 
fallu presque une trentaine d’années de recherches pour que les scientifiques commencent à 
révéler la fonction biologique de ces événements dans la régulation épigénétique. En fait tout a 
commencé par la découverte des premières acéthyltransférases et déacéthylases nucléaires et 
leur rôle majeur comme régulateurs transcriptionnels 23,24. Ainsi, les acéthyltransférases et les 
déacéthylases ont été révélées comme étant respectivement des coactivateurs et des 
corépresseurs transcriptionnels. Peu de temps après, le premier complexe coactivateur 
d’acéthyltransfeérases (SAGA, ADA, NuA4, et NuA3) modifiant les histones a été identifié et 
purifié. De même, le premier complexe épigénétique de déacéthylases (contenant Rpd3 et 
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HDAC1) a été caractérisé 25. De plus, les PTMs des histones se concrétisent sur différents 
niveaux puisque les lysines peuvent être mono-, di- ou tri-méthylés aboutissant à de variables 
réponses cellulaires. Un autre aspect de complexité par rapport à ces modifications est le fait 
qu’il peut s’agir aussi d’une mono- ou d’une di-méthylation symétrique ou asymétrique au 
niveau des arginines. Les PTMs des histones sont respectivement ajoutées, lues et enlevées à 
l’aide de facteurs associés à la chromatine qu’on appelle respectivement, les writers, readers 
et erasers (Fig 1.2). Ces complexes sont classifiés selon leurs spécificités envers certains 
acides aminés  au niveau des queues des histones ou de la région globulaire du nucléosome 
ainsi que des séquences nucléotidiques au niveau de la chromatine 12,13,17,26-30. Ils sont 
généralement associés en complexes multi-protéiques stables permettant de former de 
variables complexes épigénétiques multi-fonctionnels et de ce fait contribuent au maintien de 
la mémoire épigénétique31. 
Figure 1.2 : Description des fonctions des régulateurs épigénétiques au niveau de la 
chromatine : Les modifications postraductionnelles des histones peuvent être ajoutées au niveau de 
l’ADN ou les protéines par l’action d’enzymes qu’on appelle les ‘‘writers’’, ou enlevées par des 
enzymes spécifiques, les ‘‘erasers’’, pour permettre l’ajout d’autres PTMs, ou lue par des enzymes 
possédants des domaines spécifiques pour la reconnaissance des PTMs. Ces derniers sont les 
‘‘readers’’ et se retrouvent généralement dans de larges complexes protéiques. Modifiée de 
Nature. 2013 Oct 24;502(7472):480-85 32.      
 
1.2 Régulations épigénétiques par les complexes Thritorax et Polycombes 
 
Toutes les cellules d’un organisme multicellulaire contiennent la même information 
génétique. La régulation différentielle et spatio-temporelle du même gène procure à la cellule 
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une identité et une destination  spécifique 33. En effet, l’établissement et le maintien de 
l’identité cellulaire requiert la mise en place d’une signature d’expression génétique spécifique 
qui assure la production de la lignée cellulaire adéquate 33. La mémoire épigénétique, est le 
moyen central qui permet de maintenir l’identité cellulaire. Cette mémoire est requise pour 
assurer une transmission stable de l’état transcriptionnel active ou réprimé des gènes au cours 
des divisions cellulaires sans qu’il y ait un changement au niveau de la séquence d’ADN 31.  
Deux groupes de gènes de régulation épigénétiques dont leur rôle fondamental est de 
procurer la mémoire épigénétique ont été identifiés et largement étudiés et qui sont, les 
protéines du groupe Trithorax, TrxG (Trithorax group (TrxG) proteins) et les protéines du 
groupe Polycombes, PcG (Polycomb group (PcG) proteins). Ces groupes protéiques 
coordonnent le maintien de la mémoire épigénétique tout au long de plusieurs générations de 
divisions cellulaires 34. L’analyse biochimique des protéines TrxG et PcG a révélé que celles-
ci forment généralement des complexes multi-protéiques associés aux régulations des 
évènements de modification de la chromatine et ce en coordonnant respectivement l’activation 
et la répression de l’expression des gènes 34-36 37 38 39. Les complexes protéiques TrxG et PcG 
sont très conservés au sein des organismes multicellulaires33,40,41. Ils admettent un rôle crucial 
dans la régulation du développement de l’organisme et  ce par le contrôle de l’état 
transcriptionnel dynamique des gènes et le maintien des états cellulaires différentiés42-45. 
Ces régulateurs épigénétiques ont été identifiées suite à des études génétiques chez la 
Drosophile. Ainsi, les gènes initialement reconnus pour être des cibles des protéines PcG et 
TrxG sont les gènes de développement Hox 46. Les gènes codant pour les PcG ont été 
initialement découverts grâce à l’identification de  mutations chez la Drosophile qui 
provoquaient une induction anormale des gènes Hox à l’extérieure de leur domaine 
d’expression approprié, aboutissant à des transformations homéotiques 47. Peu de temps après, 
l’identification de la protéine, TRX, a permis d’accorder pour la première fois aux protéines de 
la famille des Trithorax le rôle de régulateurs positifs des gènes Hox 48,49. De plus, ce qui est 
très intéressant, c’est qu’au lieu d’être requis pour initier l’expression de ses gènes cibles, TRX 
a été caractérisée comme ayant pour fonction de maintenir l’état actif  des gènes Hox au sein 
de leur domaine d’ADN et ce tout au long du processus du développement de l’organisme 49,50. 
Des études ultérieures de génétique, également chez la Drosophile, ont permis l’identification 
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d’autres protéines du groupe TrxG et ce en se basant sur des expériences de perte de fonction 
de gènes Hox ou à la suite d’un criblage génétique en vue de dépister des protéines TrxG 
pouvant contrecarrer le phénotype de suppression d’expression médié par les protéines PcG. 
Ainsi, les protéines TrxG sont des antagonistes fonctionnels des protéines PcG vue que ces 
deux groupes de protéines permettent chez la Drosophile de maintenir respectivement un 
profil d’expression actif et réprimé des gènes Hox au sein de leurs régions de clusters 
appropriées 51 34,52. Cependant, il n’est pas établi si ces complexes épigénétiques maintiennent 
à long terme au niveau des vertébrés, le profil d’expression de leurs gènes cibles 45,53. Il est 
maintenant de plus en plus admis que ces deux groupes de protéines régulent en plus des gènes 
Hox un nombre élevé de gènes qui contrôlent de nombreux processus cellulaires indiquant 
ainsi que le maintien épigénétique des états actifs ou réprimés des gènes semble être un 
mécanisme fondamental de régulation au cours du développement des organismes 41,54. 
1.2.1 Description brève des complexes Trithorax : 
 Les protéines Trithorax et leur fonctions:
Les protéines Trithorax forment des complexes épigénétiques qui peuvent être regroupés 
dans trois principales classes de régulateurs selon les fonctions qu’ils exercent au niveau de la 
chromatine. On y retrouve une première catégorie de TrxG qui inclue des facteurs ayant un 
domaine SET (Su(var)3-9, Enhancer-of-zeste and Trithorax) responsable de la méthylation 
des queues des histones. La deuxième classe contient des facteurs de remodelage de la 
chromatine qui agissent de façon dépendante de l’ATP. À l’intérieure de ce même groupe on 
identifie des protéines capables de lire les modifications post-traductionnelles catalysées par 
les protéines de la première classe. La troisième catégorie des protéines TrxG comprend des 
facteurs qui peuvent se lier directement à des séquences spécifiques au niveau de l’ADN et 
inclue également des enzymes de modification des histones, des facteurs de remodelage de la 
chromatine ainsi que d’autres protéines qui n’ont pas été insérées parmi les deux premières 
classes. 33,55. Les TrxG catalysent l’instauration de modifications post-traductionnelles 
spécifiques, à savoir la tri-méthylation de H3K4 (H3K4me3), l’acétylation de H3K27 
(H3K27ac) et la di-méthylation de H3K36 (H3K36me2) 33. À l’issue de cette classification, les 
protéines TrxG admettent un rôle majeur dans la régulation de plusieurs processus cellulaires. 
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Ainsi, de par leur implication dans le maintien de la mémoire épigénétique et plus 
spécifiquement un état d’expression génique actif, les protéines TrxG assurent le contrôle des 
processus de tumorigenèse et l’auto-renouvèlement des cellules souches embryonnaires 56, le 
choix du destin cellulaire et la prolifération 57, l’inactivation du chromosome X 58, l’apoptose 
59, la régénération tissulaire, la réponse cellulaire aux différents stimuli de stress, l’activation 
de la sénescence et la réponse aux dommages à l’ADN 60 ,61 ,62 ,63.  
 Diversité des complexes de protéines Trithorax: 
Les protéines TrxG ayant le domaine SET sont responsables de la mise en place de la 
méthylation de H3K4. La première méthyltransférase des histones (HMT) à être identifiée est 
la protéine Set1 faisant partie du complexe macromoléculaire COMPASS chez la levure 
(complexe de protéines associées avec Set1). Le complexe COMPASS est responsable de 
l’introduction des trois formes de méthylation, mono, di- et tri-méthylation de H3K4 chez la 
levure  17,33,64-66. Chez la Drosophile, le génome code pour plusieurs protéines ayant le 
domaine SET incluant la la protéineTrx qui est la première protéine TrxG à être identifiée au 
sein de cet organisme, la protéine Trr (Trithorax related) et la dSet1. Toutes ces 
méthyltransférases font partie du complexe ‘‘COMPASS-related complex’’ et catalysent 
également la méthylation de l’histone H3K4 33,67. Chez les mammifères, on compte au 
minimum six complexes ‘‘COMPASS-related complex’’ avec des fonctions non redondantes et 
qui catalysent la méthylation de H3K4 puisque les enzymes qui y sont associées comportent le 
domaine SET. Il s’agit des complexes SED1A, SETD1B, MLL1, MLL2,  MLL3, MLL4 et 
MLL5. À nos jours une multitude de complexes  MLL, sont défini comme étant des 
‘‘COMPASS-like complex’’, ont été identifié au niveau des plantes et des mammifères 
démontrant la présence d’une spécificité de régulation génomique médiée par ces complexes. 
SETD1A et SETD1B sont les homologues de dSet1 et les complexes formés par ces deux 
protéines sont les plus similaires au complexe COMPASS de la levure. Ces complexes 
contiennent spécifiquement la sous-unité protéique WDR82 et assurent une H3K4me3 globale 
du génome chez les cellules de mammifères et de Drosophile. MLL1 et MLL2 sont les 
équivalents chez les mammifères de Trx alors que MLL3-5 sont les homologues de Trr 55,68. 
Pour affiner beaucoup plus le mécanisme d’activation transcriptionnel, des événements de 
coopérations entre des modifications post-traductionnelles des histones sont procurés par les 
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complexes MLL. En effet, comme exemple, on peut citer l’acétylation de l’histone H4 au 
niveau de la lysine 16 qui est catalysée par la protéine MOF. MOF fait partie du complexe 
MLL1 et appartient à la famille MYST des acétylases des histones (HAT) 69. De ce fait, la 
méthylation et l’acétylation ont été associées pour promouvoir une régulation spécifique de la 
transcription. D’autre part, les complexes méthyltransférases MLL3 et MLL4 contiennent une 
démethylase, UTX (KDM6) qui est spécifique à l’élimination de la marque répressive H3K27 
tri-méthylée (H3K27me3) 70,71.  
1.2.2 Les complexes Polycombes 
Les protéines Polycombes forment des complexes multi-protéiques composés 
principalement d’enzymes qui modifient la chromatine. Des études biochimiques et génétiques 
ont révélés que les protéines Polycombes peuvent être  regroupées en deux complexes 
majeurs, nommés Polycomb repressive complexe 1 pour PRC1 et Polycomb repressive 
complexe 2 pour PRC2. Des analyses ultérieures ont permis de découvrir que les protéines 
Polycombes composent plusieurs variantes et subdivisions de complexes PRC1 et PRC2 
35,39,72,73. En plus des complexes Polycombes classiques, PRC1 et PRC2, d’autres complexes 
Polycombes ont été identifiés à savoir, le complexe Pho-RC (Pho repressive complex) 74, le 
complexe dRAF (Drosophila Ring-associated factors) 75 et le nouveau complexe récemment 
identifié, le complexe PR-DUB (Pc-repressive deubiquitinase complex) également connue 
pour le complexe BAP1 chez les mammifères 76-79 (Figure 1.3).  
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Figure 1.3 : Régulations épigénétiques par les complexes Polycombes : La signature 
épigénétique de répression H3K27me3 est catalysée par le complexe Polycombe PRC2. Cette marque 
répressive est reconnue par le complexe PRC1 qui est ainsi recruté au niveau de la chromatine et 
contribue à la répression par la monoubiquitination de H2A. Cette modification est reversée par le 
complexe PR-DUB qui est représenté chez l’humain par le complexe BAP1. La OGT, composante du 
complexe BAP1, participe à la signalisation épigénétique via la O-GlcNAcylation de la protéine PC. 
(Modifiée de Nature Reviews Cancer 13, 153-159 (March 2013)) 77.   
1.2.3.1 Les complexes PRC2 
Au niveau moléculaire, la fonction principale de ce complexe est la mise en place des 
marques épigénétique répressives, di-et tri-méthylation de H3K27 (H3K27me3) 35,37,80,81. Cette 
catalyse est assurée grâce à la présence du domaine SET au niveau de la sous-unité catalytique 
du complexe PRC2, l’histone méthyltransférase E(z) (Enhancer-of-zeste) chez la Drosophile 
ou  EZH1 et EZH2 chez les mammifères. Les autres composants du complexe sont SUZ12 
(Suppressor Of Zeste 12), PCL the (Polycomb like) (PLC1, 2 and 3 dans les mammifères), 
ESC (Extra sex combs) (EED chez les mammifères) et le facteur de remodelage de la 
chromatine Nurf 55 (RbAp46/48 chez les mammifères). Cependant, E(z) et EZH2 ne sont 
catalytiquement actives que lorsqu’elles sont en association avec d’autres composantes du 
complexe. En effet, E(z) et EZH2 se lient avec SUZ12 et ESC ou EED respectivement. EED 
joue un rôle important dans le maintien de l’intégrité du complexe PRC2 et de son recrutement 
sur la chromatine, de l’induction de l’activité méthyltransférase de EZH2 et de la propagation 
de la marque répressive H3K27me3 82,83. De plus, une investigation récente a démontré un rôle 
inédit de EED comme étant une sous-unité intégrale des deux complexes PRC1 et PRC2. 
Ainsi, EED semble être requise aussi bien pour la triméthylation de H3K27 que pour l’activité 
d’ubiquitine ligase de PRC1 84.     
 Mécanisme d’action des complexes PRC2:
Chez les mammifères, les complexes PRC2 sont plus diversifiés. Les protéines EZH1 et 
EZH2 sont codées par deux gènes différents et un épissage alternatif au niveau de l'ARN de 
EED aboutit à la génération de quatre isoformes distincts de cette protéine et la formation de 
variables complexes PRC2 85. Également, il a été démontré que certains isoformes de EED 
admettent une activité catalytique et peuvent in vitro méthyler l’histone H1 et H3K27. 
Néanmoins, l’existence de la méthylation de H1 a été prouvée in vivo mais son rôle dans la 
11 
répression épigénétique médiée par les protéines Polycombes n’a toujours pas été élucidée 86. 
De plus, les complexes PRC2 chez les cellules mammifères contiennent également le facteur 
transcriptionnel JARID2 (Jumonji- and AT-rich interaction domain (ARID)-domain-
containing protein 2) qui interagie directement avec SUZ12. JARID2 joue un rôle important 
dans la régulation du développement embryonnaire et est requise pour le recrutement de PRC2 
au niveau de la chromatine. Il s’agit d’une déméthylase (KDM) inactive qui agit en modulant 
l’activité des méthyltransférases et plus particulièrement en inhibant la méthylation 
H3K27me3 de PRC2 87,88. Des études récentes ont démontrés que PRC2 pouvait s’associer 
avec d’autres régulateurs transcriptionnels comme des facteurs de remodelage de la 
chromatine, des déacéthylases ou des déméthylases (HDACs et KDMs) 89,90 ainsi qu’une 
multitude d’ARN non codants (non-coding RNAs, ncRNAs) et ce afin d’assurer son bon 
recrutement et la répression transcriptionnelle des gènes cibles 91-93.  
Sur le plan biochimique, les complexes EZH1 et EZH2 ont des activités catalytiques 
différentes. Ainsi, contrairement à EZH2, EZH1 semble agir la plupart du temps de manière 
indépendante de son activité catalytique. En effet, le complexe PRC2-EZH1 à la capacité de 
promouvoir la compaction de poly-nucléosomes in vivo alors que PRC2-EZH2 est exempt de 
cette activité 94. Ainsi, le niveau de méthylation sur les promoteurs peut varier selon la 
présence de l’une ou de l’autre composante de PRC2. EZH2 semble être requise pour 
l’établissement du niveau global de la méthylation de H3K27 tandis que EZH1 permet de 
remettre suite à la  déméthylation, les niveaux de H3K27me sur des sites spécifiques. De plus, 
les cellules souches embryonnaires déficientes en EZH1 ne présentent pas une perte de leur 
niveau global de H3K27me alors que les knockout en EZH2 sont incapable de maintenir cette 
modification 94,95. Des études récentes ont établis que le complexe PRC2-EZH2 modifie 
d’autres substrats cibles autres que les histones. Ainsi, il a été démontré que EZH2 catalyse la 
méthylation du facteur de transcription GATA4 sur la lysine 299 et ce afin de réduire son 
activité transcriptionnelle et son habilité à recruter l’acéthyltransferase p300 96. De plus, EZH2 
interagi au niveau des cellules cancéreuses résistantes aux anti-androgènes (CRPC), avec le 
récepteur des androgènes (AR) et promouvait son activité transcriptionnelle. Ceci suggère que 
dans différents contextes cellulaires, EZH2, pourrait interagir avec d’autres substrats et être 
impliquée dans l’activation génétique 97.   
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Un autre aspect inhabituel de régulation par les complexes PRC2 est le fait que EZH2 a 
été identifiée comme un nouveau régulateur de la réponse cellulaire aux dommages d’ADN 
doubles brins (DSB, DNA double strand break). En effet, le recrutement de EZH2 ainsi que la 
H3K27me3 sont enrichis au niveau des sites de dommages, IRIF (Ionizing Radiation Induced 
Foci) 98. Toutefois, il n’est toujours pas compris comment un composant d’un complexe 
Polycombe pourrait contrôler des évènements liés à la chromatine lorsque celle-ci se présente 
dans un état relaxé 99,100.  
1.2.3.2 Les complexes PRC1 
Le complexe PRC1 a été a été initialement identifié chez la Drosophile par la présence des 
protéines suivantes : protéine Pc (Polycomb), Posterior Sex Combs (PSC), Polyhomeotic (Ph), 
Sex Comb Extra (Sce or RING) et Sex Comb on Midleg (Scm). Ces protéines Polycombes 
forment des sous-complexes stables et constituent le noyau du complexe PRC1 du fait qu’elles 
admettent des propriétés biochimiques et fonctionnelles caractéristiques de ce complexe 101,102.  
 Les différents complexes PRC1: 
En plus de ses sous-unités principales, le complexe PRC1 peut se former à partir de 
plusieurs sous-unités alternatives. Ainsi, plusieurs variantes stables et fonctionnelles du 
complexe PRC1 ont été identifiées et ce plus particulièrement au sein des cellules 
mammifères. A nos jours, il est bien connu que chacune des protéines formant le noyau du 
complexe PRC1 admet plusieurs homologues chez les espèces de mammifères. On compte 
trois homologues de la protéine Ph chez l’humain : PH1, PH2 et PH3 et deux homologues de 
Sce : Ring1A (Ring1) et Ring1B. BMI1 (B lymphoma Mo-MLV insertion region 1) qui forme 
avec Ring1B (aussi connu pour RNF2) le noyau du complexe PRC1 chez les mammifères, est 
l’homologue de PSC. On définit au minimum trois paralogues de BMI1 à savoir, MBLR 
(Mel18 and Bmi1-like RING finger protein), NSPC1 (nervous system Pc1) et MEL18. Ces 
protéines sont également connues pour Polycomb group ring finger (PCGF) protein 6, PCGF1 
and PCGF2, respectivement. Six complexes Polycombes différents formés par les protéines 
PCGF (PCGF1-PCGF2) existent chez les mammifères. Ces facteurs épigénétiques forment des 
complexes distincts avec d’autres protéines Polycombes mais qui restent fonctionnellement 
reliés. Les homologues de la protéine Pc de la Drosophile chez les mammifères sont 
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représentés par les protéines Chromobox (Cbx) qui sont généralement les unités protéiques qui 
reconnaissent les marques répressives di-et tri-méthylation de H3K27 catalysées par les 
complexes PRC2. Ainsi, une multitude  de complexes PRC1 différents peuvent se former dans 
les cellules de mammifères 103-107.   
Ce qui définit d’avantage la diversité des complexes PRC1 est la formation de complexes 
Polycombes-like complexes par une combinaison entre des protéines du noyau de PRC1 et 
d’autres régulateurs épigénétiques. Cette variabilité confère aux complexes PRC1 des activités 
enzymatiques différentes. Comme exemple, MBLR fait partie du complexe PRC1-E2F6 (E2F-
6.com-1) contenant Ring1B, et une méthyltransférase qui modifie l’histone H3K9 (il peut
s’agir soit de l’enzyme Eu-HMTase1 (EHMT1) ou NG36 (G9a ou EHMT2)). Un autre
complexe PcG protein-like complex a été identifié contenant MBRL, et une déméthylase de
l’histone H3K4, JARID1D (KDM5D). De plus, NSPC1 a été co-purifiée avec Ring1A,
Ring1B et RYBP, en association avec le complexe co-répresseur BCOR qui contient FBXL10
(KDM2B), une déméthylase de l’histone H3K36 75,104.
 Principales fonctions des complexes PRC1:
La grande diversité des complexes PRC1 démontrent qu’ils admettent plusieurs fonctions 
au niveau de la chromatine. Même si le mécanisme de répression n’est pas complètement 
élucidé, la répression génique médié par ces complexes se concrétise par le biais d’une 
inhibition directe de la machinerie transcriptionnelle ou un changement de la structure de la 
chromatine. En effet, il a été démontré que les complexes PRC1 qu’ils soient purifiés à partir 
des cellules ou reconstitués in vitro, sont capable de réprimer la transcription, inhiber les 
complexes de remodelage de la chromatine et d’assurer la compaction des nucléosomes 108-110.        
 La monoubiquitination de H2A:
La fonction enzymatique principale du complexe PRC1 est de catalyser la 
monoubiquitination de l’histone H2A au niveau de la lysine 119 (K118 chez la Drosophile). 
Chez l’humain, cette activité a était initialement attribuée au moins à deux ubiquitine ligases 
E3, Ring1B et 2A-HUB 38,39,105,111. Le complexe PRC1 est constitué de trois protéines ayant 
chacune un domaine Ring (Really Interesting New Gene), soit Ring1B, Ring1A et BMI1 112. 
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Malgré la présence de trois domaines Ring au sein de ce complexe, seulement Ring1B possède 
une activité ubiquitine ligase envers H2A in vitro. En effet, le domaine Ring interagi avec une 
enzyme E2 conjugatrice de l’ubiquitine, UbcH5c afin de promouvoir la monoubiquitination de 
H2A 113. Néanmoins, l’activité catalytique de Ring1B est grandement augmentée en présence 
de Ring1A et BMI1. De plus, BMI1 est également requis pour stimuler l’activité catalytique 
de Ring1B in vivo 39,105,106,114. De manière similaire à d’autres complexes d’ubiquitine ligases, 
Ring1B et BMI1 forment un hétérodimère à travers leurs domaines Ring. Cette interaction 
permet la formation d’un domaine basique (basic patch) responsable de la reconnaissance 
directe du nucléosome 113. De plus, un résidu au niveau du domaine ring de Ring1B (K93) a 
été identifié comme étant suffisant pour assurer aussi bien la liaison à l’ADN et l’activité 
catalytique 115. Récemment, un travail du groupe de Green a identifié une nouvelle ubiquitine 
ligase pour H2A, le facteur TRIM37 contenant un domaine Ring. Les auteurs ont démontré 
que TRIM37 monoubiquitine H2A au niveau des résidus K118/K119. Contrairement à ce qui 
est classiquement connu, TRIM37 s’associe avec le complexe PRC2 afin de catalyser la 
répression des gènes cibles 116.   
L’histone H2A a été la première protéine à être identifiée comme étant ubiquitinée. De 
plus, l’ubiquitination de cette histone représente la forme ubiquitinée la plus abondante dans la 
cellule (5 à 15 % de la totalité de H2A dans les cellules eucaryotes est modifiée par 
ubiquitination) 117. L’ubiquitination de H2A se présente de façon majoritaire sous la forme 
monoubiquitiné. Il a toutefois été révélé une proportion très faible de la polyubiquitination de 
H2A 118. Cette modification semble être régulée au cours de la division cellulaire. En effet, la 
monoubiquitination de H2A disparaît presque en totalité au cours des premières étapes de la 
mitose et est restaurée immédiatement après la formation de l’enveloppe nucléaire 119-121.   
Plusieurs évidences soulignent que la monoubiquitination de H2A (H2Aub) médiée par 
les complexes PRC1 est étroitement liée à la répression épigénétique. En effet, des expériences 
d’immunoprecipitation de la chromatine ont démontrées que Ring1B et BMI1 sont 
conjointement recrutés en présence de H2Aub sur des sites spécifiques des geènes cibles des 
protéines Polycombes et plus particulièrement sur les gènes Hox 105. D’autre part, des 
mutations touchant le domaine Ring de Ring1B provoquent une de-répression des gènes Hox 
malgré la présence de H3K27me3 au niveau des promoteurs de ces gènes 79,122,123. Le 
mécanisme de répression médié par H2Aub reste toutefois très peu connu. Plusieurs études 
15 
suggèrent que H2Aub interfère avec l’initiation de la transcription. En effet, la mise en place 
de H2Aub inhibe, in vitro, la di-et tri-méthylation de H3K4 médiée par MLL et ce durant 
l’initiation mais pas l’élongation de la transcription 124.    
Un autre aspect de régulation transcriptionnelle est reflété par le fait que le niveau de 
H2Aub semble moduler la libération de la polymérase II phosphorylée au niveau de la sérine 5 
(poised RNA pol II) à partir des gènes bivalents. Ainsi, il a été reporté que la déplétion de 
Ring1B par knockout dans les cellules souches embryonnaires (ES cells) induit une perte 
significative de H2Aub de manière concomitante à la libération de de la pol II, l’initiation de 
l’élongation et de ce fait la de-répression des gènes bivalents 125. De plus, il a été reporté qu’au 
niveau des promoteurs des gènes bivalents, H2Aub empêche l’éviction des dimères de H2A-
H2B à partir des nucléosomes ce qui inhibe également l’élongation 111.       
Le complexe PRC1 est également requis pour maintenir l’inactivation du chromosome X 
puisque le recrutement de H2Aub et de Ring1B est enrichi au niveau du chromosome X 
inactivé (Xi). Dans la même optique, la déplétion de Ring1B et BMI1 par un double knockout 
dans les cellules ES s’associe à une diminution de H2Aub au niveau du Xi 126,127.    
 Modes de répressions épigénétiques non-canoniques par les complexes PRC1:
La fonction du complexe PRC1 a été initialement déterminée comme étant dépendante de 
l’action de PRC2. En effet, Il a été longuement admis que la tri-méthylation de H3K27 sert de 
site de recrutement du complexe PRC1 et ce grâce au domaine chromodomaine dont les 
protéines CBX possèdent 35,39,72,128. Toutefois, de nombreuses études ultérieures sont venues 
mettre en question cette théorie. Ainsi, le complexe PRC1 peut exercer ses fonctions de 
manière indépendante de la présence de H3K27me3. En effet, les cellules knockout en EED, 
présentent un niveau significativement élevé en H2Aub même si H3K27me3 est totalement 
perdue. De plus le recrutement de PRC1 et l’établissement de H2Aub au niveau de Xi peut 
être indépendant de H3K27me3 129. Cette fonction de répression qui se trouve indépendante de 
la contribution de PRC2 a été également retenue pour deux autres complexes PRC1, les 
complexes RYBP et YAF2. Même si ces complexes sont dépourvus de la sous-unité protéique 
CBX, ils permettent le recrutement de Ring1B sur la chromatine et de ce fait la 
monoubiquitination de H2A 130,131. Également, le complexe FBXL10-BCOR (dRAF chez la 
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Drosophile) composé de YAF2, CK2α, Skp1, HP1γ, CBX8, NSPC1, Bmi-1, BCOR, et 
FBXL10/KDM2B, semble être requis pour l’activation de la catalyse de H2Aub suggérant que 
ce complexe atypique de PRC1 pourrait avoir in vivo, une activité d’ubiquitination de H2A 
132,133. D’autre part, le complexe Ring1B/E2F6.com-1 est requis pour la répression des gènes 
cibles de E2F et de Myc dans les cellules en quiescence. Il n’est pas connu si le  mécanisme de 
répression entrepris par ce complexe requiert ou pas la monoubiquitination de H2A 134.    
Des études récentes ont contribuées à la caractérisation d’une nouvelle cascade de 
recrutement des complexes PRC1 et PRC2 au niveau de la chromatine. En effet, les travaux de 
Blackledge et Cooper ont révélé que le complexe PRC1, KDM2B/RING1A/RING1B se lie au 
niveau des sites CpG non méthylés et catalyse au niveau des nucléosomes la 
monoubiquitination de H2A, ce qui permet donc le recrutement du complexe PRC2 et par la 
suite la triméthylation de H3K27 qui serait reconnu par le complexe canonique de PRC1 grâce 
au chromodomaine des protéines CBX. Ces résultats démontrent alors que le complexe PRC2 
est capable de lier H2Aub 135,136. À la lumière de ceci, le groupe de Kalb et ses collègues ont 
défini que le complexe PRC2, contenant AEBP2 et JARID2, est capable de lier des 
nucléosomes présentant H2Aub. Ce complexe catalyse la formation de H3K27me3 qui 
deviendra un site de recrutement du complexe PRC1 137.        
Une autre fonction médiée par le complexe PRC1 et qui est aussi importante que la 
régulation transcriptionnelle, est la réparation des dommages d’ADN double brins 138. En effet, 
il a été reporté que le complexe PRC1 est recruté au niveau des sites de DSB afin d’assurer la 
monoubiquitination de H2A et de sa variante l’histone H2AX. Cette action est requise pour 
garantir une réparation efficace des dommages à l’ADN et la survie cellulaire 139,140.    
Plusieurs études ont mis en évidence que le complexe PRC1 est capable de favoriser une 
compaction du nucléosome et une répression génique de manière indépendante de son activité 
ubiquitine ligase 102,109,141,142. En effet, dans des essais in vitro, le complexe PRC1 était capable 
de promouvoir une condensation des nucléosomes et une répression des gènes Hox de façon 
indépendante de H3K27me3 et de H2Aub. De plus, très récemment, le groupe de Müller a 
dévoilé que les gènes cibles de PRC1 pouvaient être maintenus dans un état répressif même si 
Ring1B et H2A étaient mutés respectivement au niveau du site catalytique et du résidu 
d’ubiquitination. Encore plus surprenant, les mutants de Drosophile qui présentent un niveau 
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très bas de H2Aub arrêtent de proliférer sans développer des phénotypes typiques de la 
déplétion des protéines Polycombes. Il semblerait ainsi que la fonction primaire de PRC1 était 
de réprimer les gènes sans avoir recours à développer une activité d’ubiquitine ligase envers 
H2A 143.   
1.3 L’Ubiquitination 
Les régulations cellulaires impliquent de manière très abondante les modifications post-
traductionnelles des protéines. Ceci permet de finement contrôler la localisation ainsi que la 
fonction des substrats modifiés. La découverte de l’ubiquitine il y a maintenant plus de 30 ans 
comme modulateur important de plusieurs processus cellulaires, a fait de l’ubiquitination une 
modification critique requise pour assurer la protéolyse intracellulaire des protéines. À nos 
jours, l’ubiquitination et sa réaction inverse, la déubiquitination, sont des modifications post-
traductionnelles impliquées dans la régulation de quasiment la totalité des voies de 
signalisation cellulaires 144-147. Toutefois, l’identification et la compréhension des mécanismes 
permettant d’intégrer les différents types d’ubiquitination au sein du processus cellulaire 
adéquat, nécessitent encore de plus amples investigations.  
L’ubiquitination est une modification post-traductionnelle qui consiste en l’attachement 
d’une petite protéine de 76 acides aminés  nommée ubiquitine (Ub), sur les lysines des 
protéines cibles 148-150. L’Ub est une protéine très stable et est conservée parmi les espèces 
eucaryotes. Elle admet une structure globulaire avec une queue C-terminale requise pour 
favoriser les interactions avec les protéines  151,152. Dans les cellules de mammifères, l’Ub est 
codée par quatre gènes différents, UBB, UBC, UBA52 et RPS27A. Les deux derniers gènes 
codent pour une seule molécule d’Ub fusionnée aux protéines ribosomales L40 et S27a, alors 
que UBB et UBC permettent la génération du précurseur d’Ub qui se présente sous forme 
d’une chaîne linéaire de poly-ubiquitines 153-156 
1.3.1 Cascade enzymatique de l’ubiquitination : 
La conjugaison de l’Ub est un processus à plusieurs étapes impliquant principalement 
trois enzymes. L’Ub est d’abord activée grâce à la formation d’une liaison thioester avec 
l’enzyme activatrice de l’Ub, E1 de manière dépendante de l’ATP. Il s’agit dans ce cas d’une 
adénylation entre la glycine 76 (G76) de l’Ub et la cystéine 632 (C632) de l’enzyme E1. Par la 
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suite, l’Ub activée est transférée à l’enzyme conjugatrice de l’Ub, E2 qui elle aussi forme une 
liaison thioester entre la G76 de l’Ub et la cystéine du site catalytique de la E2. Finalement, 
l’Ub est livrée de l’enzyme E2 vers les substrats cibles et ce grâce à l’action spécifique des 
enzymes, Ub ligase, E3 157-161. Ainsi, dépendamment du type de la E3 impliquée dans la 
réaction, les E3s peuvent soit participer directement à la livraison de l’Ub sur les groupements 
ɛ-amines des résidus lysines des protéines cibles (on parle dans ce cas des HECT E3s), soit 
agir comme un adaptateur entre les substrats et les E2s afin de permettre le transfert de l’Ub 
sur les lysines des substrats (il s’agit dans ce cas des RING E3s ou les E3s avec les domaines 
U-box) 157,161 (Figure 1.4). Cette modification est très régulée et se réalise de manière 
hautement spécifique. En effet, dans le génome des mammifères on compte deux enzymes E1 
(UBA1 et UBA6), à peu près 40 E2s et 600 E3s 157,161-163. Les E2s diffèrent par leur habilité à 
catalyser des chaînes spécifiques d’ubiquitines. Toutefois, une seule classe de E2, contenant 
par exemple UBCH5 a été reportée comme étant impliquée dans l’amorçage de 
l’ubiquitination et ce en catalysant la monoubiquitination (l’ajout de la première ubiquitine) 
des substrats 164. Les autres types de E2 sont donc responsables de l’extension des chaînes 
d’ubiquitines en fonction des liens spécifiques qu’elles favorisent entre ces molécules 164,165. 
Par exemple, Cdc34 assiste la polyubiquitination en chaînes d’ubiquitines liées par la lysine 48 
(K48) 166, alors que le complexe Mms2-Ubc13 catalyse la  polyubiquitination en chaînes K63 
167. La spécificité de la réaction de l’ubiquitination est attribuée à l’action des E3s ce qui 
explique leur nombre élevé dans le génome humain 168. 
 
 
Figure 1.4 : Cascade enzymatique de 
l’ubiquitination. Illustration de la 
signalisation de l’ubiquitination des substrats 
au niveau des résidus lysines. Cette 
modification post-traductionnelle implique la 
participation de trois enzymes, l’enzyme 
activatrice de l’ubiquitine, E1, l’enzyme 
conjugatrice de l’ubiquitine, E2 et 
l’ubiquitine ligase, E3 qui assure le transfert 
de l’ubiquitine sur les substrats. La 
polyubiquitination est généralement reconnue 
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comme un signal de dégradation protéasomale des protéines modifiées (Modifiée de 
Wikepedia). 
D’autres types d’ubiquitination dont le mécanisme d’action et le rôle biologique sont 
similaires à l’ubiquitination classique ont été récemment identifiés. Il s’agit de la modification 
des protéines par Sumoylation (en utilisant les ubiquitin-like proteins SUMO (small ubiquitin-
like modifier), par Neddylation (via la Nedd8 (neural precursor cell expressed, 
developmentally downregulated 8) 158,169 ou par ISGylation (suite à l’ajout de la molecule de 
ISG15, interferon-induced 15 kDa protein) 169. 
1.3.2 Rôles des différents types d’ubiquitination: 
En plus de la monoubiquitination qui est une forme de modification très abondante dans 
les cellules, un nombre élevé de substrats reçoivent d’autres molécules d’Ubs qui sont 
spécifiquement attachées entre-elles permettant l’obtention de protéines polyubiquitinées. De 
façon plus spécifique, l’Ub elle-même, contient 7 lysines (Lys6, Lys11, Lys27, Lys29, Lys33, 
Lys48, ou Lys63) qui sont utilisés pour la formation des différents types de chaînes de 
polyubiquitines 170. Ainsi, les protéines cibles peuvent être multi-monoubiquitinées ou 
polyubiquitinées. La polyubiquitination consiste en la formation de chaînes d’ubiquitines de 
structures variables. Il peut s’agir de chaînes homotypiques (polyubiquitination en utilisant la 
même lysine de l’ubiquitine), hétérotypiques (mélange de polyubiquitination et de 
sumoylation) ou aussi un mélange de chaîne de polyubiquitination en adoptant différentes 
lysines de l’ubiquitine) 171-174. De ce fait, en fonction du type de la modification, 
l’ubiquitination définit le destin fonctionnel du substrat 175,176 (Figure 1.5).   
L’ubiquitination des protéines a été initialement associée à la dégradation des protéines 
par le protéasome. Néanmoins, durant la dernière décennie, de multiples fonctions de 
l’ubiquitination dans la régulation d’une panoplie de voies de signalisations cellulaires ont été 
révélées. En effet, il est maintenant clairement définit que l’ubiquitination influence l’activité, 
la stabilité et la fonction des substrats 175,177,178 et de ce fait joue un rôle primordiale dans le 
remodelage de la chromatine, le contrôle du cycle cellulaire, la différentiation, la sénescence, 
la transcription, la réponse des cellules aux dommages à l’ADN, l’endocytose, l’apoptose, la 
voie de signalisation des kinases et la réponse immunitaire. Il n’est donc pas surprenant que la 
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dérégulation du système de l’ubiquitine est un déterminant majeur de développement de 
nombreuses maladies humaines malignes 179-184. Toutes les variétés des chaînes de 
polyubiquitines sont retrouvées au niveau des cellules humaines. Toutefois, Le mécanisme de 
formation et la signification biologique des chaînes autres que celles liées par les K48 et K63 
restent très peu connus 171,185,186.   
Figure 1.5 : les différents types d’ubiquitination : Représentation schématique des différents 
types de monoubiquitination et des chaînes de polyubiquitines. Les voies majeures de signalisations 
cellulaires régulées par ces types d’ubiquitination sont également présentées (Modifiée de Annu Rev 
Biochem. 2012;81:291-322) 187. 
1.3.3 Les domaines de liaison à l’ubiquitine: 
L’ubiquitination est une modification qui est aussi abondante que la phosphorylation. De 
manière similaire à la reconnaissance des protéines phosphorylées, les enzymes du système de 
l’ubiquitine sont amenées à reconnaître de manière spécifique soit l’ubiquitine sous forme 
libre ou les substrats modifiés par mono- ou polyubiquitination. Cette spécificité enzyme-
substrat est guidée par la présence au niveau de ces enzymes de domaines spécifiques de 
liaison à l’ubiquitine (UBD, Ubiquitin binding domain) ou de récepteurs à l’ubiquitine qui 
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eux-mêmes contiennent également au niveau de leur structure un ou deux domaines UBD 177. 
À nos jours, une multitude de mécanismes d’interaction avec l’ubiquitine ont été déterminés 
impliquant au moins 20 types de domaines UBD 177. Quatre surfaces d’interactions 
protéines/Ub se retrouvent au niveau de l’Ub. La région la plus communément reconnue par 
les UBDs est le domaine hydrophobe (hydrophobic patch). On définit trois domaines 
hydrophobes. Le patch hydrophobe Ile44 est constitué des acides aminés Ile44, Leu8, Val70 et 
His68 et est lié par le protéasome et la plupart des UBDs. Il a été démontré que le maintien 
d’une interaction propre entre les protéines et le patch Ile44 est essentiel pour le bon 
déroulement des divisions cellulaires 177,188,189. Le domaine hydrophobe représenté par le patch 
Ile36 est composé des acides aminés Leu8, Ile36, Leu71 et Leu73. Ce domaine permet de 
favoriser les interactions entre des chaînes de polyubiquitines et les HECT E3s, les 
déubiquitinases et certains UBDs 190-192. Le troisième domaine hydrophobe est le patch Phe4 
qui est formé par les acides aminés Gln2, Phe4 et Thr12 189. Ce patch est impliqué dans la 
régulation du transport protéique et est spécifiquement reconnu par les protéines ayant un 
UBD du type UBAN 191 et les déubiquitinases de la famille des USP 193. Les deux patchs, 
Ile36 et Phe4 semblent être indispensables pour assurer des fonctions cellulaires vitales chez 
les levures 190. Finalement, une autre région d’interaction avec les protéines est définie par le 
TEK box, utilisé lors de la formation des chaînes d’Ub K11. Ce domaine qui comprend, les 
acides aminés Thr12, Thr14, Glu34, Lys6, et Lys11, est requis pour l’assemblage des chaînes 
de polyubiquitines K11 catalysé par le complexe d’ubiquitine ligase APC/C afin d’initier la 
dégradation protéasomale des substrats au cours de l’exécution de la mitose 194.   
 
1.4 Les Déubiquitinases 
 
L’ubiquitination est parmi les modifications post-traductionnelles les plus dynamiques et 
complexes. De ce faite une régulation fine de cette modification est nécessaire afin d’exécuter 
les évènements de signalisations cellulaires et de garder le pool d’Ub dans les cellules. En 
effet, comme toute modification post-traductionnelle, l’ubiquitination est une réaction 
réversible et la réaction inverse de cette modification est catalysée par une famille de 
protéases, nommées les déubiquitinases (DUB). On compte à présent à peu près 100 DUBs 
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codées par le génome humain 154,195. Les DUBs font partie de la superfamille des protéases. 
Les protéases sont regroupées en cinq familles selon leurs mécanismes de catalyse. Ainsi, on 
retrouve chez l’humain, les : aspartiques-protéases, métalloprotéases, sérine-protéases, 
thréonine-protéases et cystéine-protéases 196,197. Les DUBs appartiennent aux cystéine-
protéases et métalloprotéases avec une abondance plus importante pour les cystéine-protéases. 
Six familles de DUBs sont repertoriées selon la structure de leur domaine catalytique : (i) les 
cystéine-protéases incluant quatre familles et qui sont les ubiquitin-specific proteases (USP), 
les Ubiquitin C-terminal hydrolases (UCH), les Ovarian tumor domain proteases (OTU) et les 
Machado-josephin domain proteases (MJD) (ii) les métalloprotéases est représentée par 
l’unique famille des JAB1/MPN+/MOV34 (JAMM) et (iii) la toute nouvelle famille des DUBs 
récemment identifiée, la Monocyte Chemotactic Protein-induced Protein (MCIP) 154,195,198,199.  
1.4.1 Rôles des déubiquitinases: 
Les déubiquitinases admettent plusieurs rôles dans la régulation de la signalisation de l’Ub. 
En effet, (i) des déubiquitinases spécifiques comme l’enzyme USP5/IsoT permettent la 
maturation de l’ubiquitine et ce en générant des monomères libres d’Ub à partir soit de 
précurseurs d’Ub ou soit des fusions des monomères d’Ub avec les protéines ribosomales.  De 
plus, les DUBs favorisent l’activation de l’Ub produite sous forme de précurseur et ce en 
éliminant le résidu additionnel au niveau de l’extension C-terminale de l’Ub. (ii) Les DUBs 
assurent le recyclage de l’Ub et ce en libérant des monomères d’Ub à partir des chaînes de 
polyubiquitines générées suite à la dégradation protéasomale des protéines (grâce à l’action 
des DUBs associées au protéasome comme USP14, UCHL5 et POH1). (iii) De manière 
similaire à la signalisation de la phosphorylation/déphosphorylation, la déubiquitination agit 
principalement pour contrecarrer l’action des ubiquitine ligases et donc renverser une 
signalisation dégradative ou non dégradative de l’ubiquitination. (iiii) De plus, certaines DUBs 
peuvent catalyser un changement de l’état de l’ubiquitination du substrat et ce en remplaçant 
une monoubiquitination par une chaîne de polyubiquitines 154,200 (Figure 1.6). 
Comme l’ubiquitination, la déubiquitination est une voie de signalisation hautement 
contrôlée et est impliquée dans la régulation de plusieurs processus cellulaires à savoir, le 
contrôle du cycle cellulaire 201, la dégradation protéasomale et lysosomale des protéinées 202-
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204, la régulation de l’expression génique 205, la réponse aux dommages à l’ADN 206, la 
différentiation, la sénescence 207 ,208 209. De ce fait, des mutations de DUBs ont été reportées 
dans plusieurs maladies malignes incluant plusieurs types de cancer et les maladies 
neurodégénératives 77,210-212. Depuis quelques années, les études se multiplient afin de mieux 
comprendre les rôles biologiques des DUBs dans la signalisation cellulaire. Néanmoins, nos 
connaissances quant aux mécanismes d’action, la reconnaissance spécifique du substrat et le 
rôle fonctionnel des DUBs restent à nos jours restreintes 154.   
Figure 1.6 : Rôles des déubiquitinases au sein du système de l’ubiquitine : Représentation 
schématique des principales fonctions des DUB : génération d’Ub libres, renversement de signal 
dégradatif et non dégradatif, maintien du pool d’Ub, recyclage de l’Ub, maintien de l’homéostasie de 
l’Ub, changement de type de chaines d’Ub et de ce fait échanger un signal par un autre. (Modifiée de 
Nature Reviews Molecular Cell Biology 10, 550-563 (August 2009)) 154. 
1.4.2 Spécificité des déubiquitinases : 
De par le nombre élevé de DUBs dans le génome humain, ces enzymes sont caractérisées 
par des spécificités élevées envers leurs substrats. En effet, les DUBs reconnaissent de manière 
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spécifique soit des monomères d’Ub ou des chaînes de polyubiquitines et ce grâce à leur 
domaines UBD 154.  
Les DUBs ont une structure modulaire. En effet, en plus de leur domaine catalytique, elles 
contiennent des extensions N-terminales et C-terminales et des insertions de domaines requis 
pour la reconnaissance du substrat et la régulation de leur activité catalytique, de leur 
localisation subcellulaire ainsi que leurs interactions protéines/protéines 213. Nous pouvons 
évoquer comme exemple, la DUB USP7 qui interagie directement avec ses substrats p53 et 
MDM2 par l’intermédiaire d’une séquence précise 214. Comme exemple d’interactions 
indirectes avec le substrat, USP22 s’associe au complexe d’acétyltransférase SAGA (Spt-Ada-
Gcn5-acetyltransferase) afin de pouvoir être recrutée sur la chromatine et assurer la 
déubiquitination de l’histone H2B qui est nécessaire pour l’initiation de l’élongation 215-217. 
Les DUBs de la famille des JAMM, incluant la DUB associée au protéasome, POH1 
(PSMD14), la DUB associée à la réparation des cassures doubles brins de l’ADN, BRCC36 et 
les DUBs régulatrices de l’endocytose, AMSH et AMSH-LP, présentent une préférence très 
élevée envers les chaînes d’ubiquitines liées via K63 218,219. Les chaînes d’ubiquitines K48 
peuvent être reconnues par la DUB associée au protéasome, USP14 et la DUB appartenant à la 
famille des OTU, OTUB1 220,221. Un autre aspect unique de reconnaissance de chaînes de 
polyubiquitines est médié par USP5 (IsoT). En effet, grâce à son domaine UBP-ZnF, USP5 
permet le désassemblement des chaînes de polyubiquitines K48 et K63 libres du fait qu’elle se 
lie particulièrement au niveau de la région C-terminale de l’ubiquitine non conjuguée à un 
substrat 192. 
L’enlèvement de la monoubiquitination des substrats peut être catalysé par les DUBs de la 
famille des UCH  comme BAP1 et UCH37 ainsi que la DUB USP16 appartenant à la famille 
des USP 222,223. De plus, la monoubiquitination des substrats peut être sujette à une extension 
en chaînes d’ubiquitines par l’action de ligases E3 ou E4. Ce qui est aussi intéressant est que la 
DUB A20 se présente comme une hybride E3/DUB et est capable de catalyser un changement 
du type des chaînes d’ubiquitines et renverser ainsi le signal d’une ubiquitination non-
dégradative (chaînes K63) vers un signal menant à la dégradation protéasomale (chaînes K48) 
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224. De plus, certaines DUBs peuvent avoir une dualité de spécificité. Comme exemple, USP21 
est capable de cliver aussi bien NEDD8 que l’Ub 225.  
 
 
1.5 Le gène suppresseur de tumeurs BAP1 (BRCA1 Associated Protein1) 
 
BAP1 (BRCA1 associated protein 1) fait partie de la super-famille des DUBs et plus 
spécifiquement de la famille UCH des cystéines protéases. 
BAP1 a été découvert pour la première fois pour son interaction avec le gène suppresseur 
de tumeurs BRCA1 (Breast cancer-associated 1) 226. Cette étude a révélé suite à des 
expériences d’interactions double hybride chez la levure, que BAP1 interagi avec le domaine 
RING de BRCA1 par l’intermédiaire de son extension C-terminale. Dans cette même 
investigation, il a été proposé pour la première fois que la déubiquitinase BAP1 est un nouveau 
gène suppresseur de tumeurs. En effet, les auteurs ont identifié des mutations homozygotes au 
niveau du gène bap1 dans une lignée cellulaire de cancer de poumons, NCI-H226 et ont 
également démontré que la surexpression de BAP1 augmentait l’activité suppressive de 
tumeurs de BRCA1 qui consistait à inhiber la prolifération cellulaire de cellules MCF7 du 
cancer du sein. De plus, une mutation de cancer L691P introduite au niveau du domaine C-
terminale de BAP1 induit une diminution de l’interaction de BAP1 avec BRCA1 226. De 
manière plus significative, BAP1 interagi également avec BARD1 un partenaire majeur de 
BRCA1 requis pour l’activité ubiquitine ligase de BRCA1 227. En fait, BAP1 se lie avec 
BARD1 via une région qui se trouve adjacente à son domaine catalytique, UCH, au niveau N-
terminale de la protéine. Depuis la découverte de BAP1 comme partenaire majeur de 
BRCA1/BARD1, aucune étude jusqu’à nos jours n’a élaboré la signification biologique de 
l’interaction BAP1/ BRCA1 à l’exception du groupe de Nishikawa et al., qui ont démontré que 
BAP1 interfère avec l’activité enzymatique de BRCA1/BARD1 et ce en dissociant la 
formation de l’hétérodimère de ce complexe ubiquitine ligase et que cette inhibition est 
indépendante de l’activité catalytique de BAP1 227. Sachant que le complexe BRCA1/BARD1 
a une activité d’autoubiquitination, BAP1 est incapable de contrecarrer cette ubiquitination in 
vitro, mais aucune étude n’a montré cet effet in vivo. De ce fait, la relation BAP1/BRCA1 est 
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restée énigmatique. Néanmoins, la déplétion de BAP1 par shRNA bloque la mise en place 
d’une réponse cellulaire aux dommages à l’ADN et rend les cellules HeLa sensibles aux 
radiations ionisantes provoquant ainsi un retard au niveau de la progression du cycle cellulaire 
à travers la phase S, un phénotype typique de la déplétion de BRCA1. Une hypothèse peut 
ainsi en découler de ce phénotype est que l’ubiquitination médiée par le complexe 
BRCA1/BARD1 et la déubiquitination catalysée par BAP1 peuvent être deux phénomènes 
conjointement établis pour la régulation de la signalisation cellulaire suite aux dommages à 
l’ADN 228,229.   
BAP1 est une protéine nucléaire qui se retrouve en association avec des complexes multi-
protéiques ce qui suggère que BAP1 régule plusieurs voies de signalisations cellulaires. En 
effet, divers travaux récents ont spécifié que BAP1 est impliqué dans la régulation 
transcriptionnelle, la suppression de tumeurs, la régulation de la prolifération cellulaire 
76,78,79,230-236, ainsi que la réparation des dommages de l’ADN par recombinaison homologue 
229,237,238 (Voir Annexe 1 et 3). 
1.5.1 Description du complexe BAP1 : 
Plusieurs travaux incluant la première étude de notre groupe sur BAP1, ont identifié la 
composition du complexe BAP1 78,233,234,239. En effet nous avons démontrés par des 
expériences de filtration sur gel que BAP1 assemble plusieurs complexes multi-protéiques 
migrant à une taille de 1.6 MDa. En procédant par une purification d’affinité en tandem (TAP) 
suivie d’une analyse par spectrométrie de masse (MS), nous avons établis que BAP1 s’associe 
principalement à une multitude de facteurs transcriptionnels et de régulateurs de la chromatine 
(Voir Annexe 1). Les composants majeurs du complexe BAP1 sont le facteur transcriptionnel 
HCF-1 (Host Cell Factor-1), la OGT (O-linked N-acetylglucosamine transferase), les 
protéines Polycombe ASXL1 et ASXL2 (polycomb group proteins additional sex combs like 1 
and 2), la démethylase d’histones LSD2 (histone demethylase KDM1B), les facteurs de 
transcription FOXK1 et FOXK2 (forkhead transcription factors) et l’histone 
acéthyltransferase HAT1 (histone acetyl transferase 1) 78,233,234,239. Les composants les moins 
abondants mais qui ont été tout de même séquencé d’une manière consistante, sont le facteur 
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de transcription YY1 (Yin Yang 1) qui est aussi connu comme étant une protéine Polycombe et 
finalement l’ubiquitine conjugatrice hybride E2/E3, UBE2O 78,239. 
Comme la plupart des déubiquitinases et malgré l’avancement de la recherche pour 
élucider de plus près les fonctions de ces enzymes, le rôle physiologique et les mécanismes 
d’actions de BAP1 restent très peu connus. 
1.5.2 Structure de BAP1 : 
En plus de BAP1, la famille des DUBs UCH contient les membres UCHL-1, UCHL-3 et 
UCHL-5 (UCH37). De manière similaire à toutes les UCHs, BAP1 possède au niveau de son 
extrémité N-terminale son domaine catalytique, le UCH. Ce domaine est très conservé et 
contient une triade d’acides aminés qui sont une cystéine, une histidine et un acide aspartique 
240. D’autre part, la région C-terminale de BAP1 s’avère d’une importance élevée pour la
régulation fonctionnelle de celui-ci. En effet, on y retrouve au sein de son domaine CTD (C-
terminal domain) des régions spécifiques d’interaction avec ses partenaires 78,241 209. De plus,
plusieurs modifications post-traductionnelles se retrouvent au niveau du CTD et du signal de
localisation nucléaire, le NLS de BAP1 afin de moduler d’avantage la fonction de BAP1 229,241
(Figure 1.7).
Figure 1.7 : représentation schématique de la structure de BAP1 : Les principaux 
domaines fonctionnels de BAP1, UCH, CC1, HBM et CTD ainsi que son signal de localisation 
cellulaire, le NLS sont présentés.  
1.5.3 Relation fonctionnelle entre BAP1 et HCF-1 : 
L’interaction BAP1/HCF-1 a été initialement déterminée grâce à une analyse par 
spectrométrie de masse des partenaires de BAP1 obtenus par immunoprecipitation suite à une 
surexpression de cette DUB 234. Plus spécifiquement, BAP1 s’associe fortement avec HCF-1 
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au niveau de son domaine Kelch. Cette interaction est favorisée par la présence au niveau de 
BAP1 du motif de liaison à HCF-1, le HBM (HCF-1 binding motif) 78. Par la suite d’autres 
études ont confirmés la présence abondante de HCF-1 dans le complexe BAP1 suggérant un 
rôle fonctionnel étroit entre BAP1 et HCF-178,233,239. De plus, dans notre étude nous avons 
démontrés par des expériences d’immunodéplétion que tout BAP1 dans les cellules est 
complexé à HCF-1 alors qu’une faible proportion de ce dernier est associée avec BAP1 78. 
Ceci peut-être expliqué par le fait que HCF-1 est une protéine très abondante qui s’associe à la 
chromatine et est en complexe avec plusieurs facteurs et régulateurs transcriptionnels.  
Sur le plan fonctionnel, il a été également  suggéré que HCF-1 est un substrat de BAP1. 
En effet, deux groupes ont reporté qu’en surexprimant HCF-1 dans les cellules en présence de 
HA-Ub, celui-ci est poly-ubiquitiné au niveau de lysines spécifiques à l’intérieur de son 
domaine Kelch et que BAP1 est capable de reverser plus spécifiquement les chaînes K48 
233,239. Ce qui est intriguant est que la modulation du niveau protéique de BAP1 par 
surexpression ou par déplétion en utilisant des RNAi, n’affecte pas la stabilité protéique de 
HCF-1 234. Néanmoins, les auteurs ont mis en place pour la première fois la relation 
fonctionnelle entre BAP1 et HCF-1. Ils ont pu démontrer que BAP1 régule la prolifération 
cellulaire de façon dépendante de son interaction avec HCF-1. En effet, la déplétion de BAP1 
par RNAi provoque un retard de la prolifération cellulaire. Cet effet est également observé en 
surexprimant le mutant de BAP1 catalytique inactive, C91S, mais est aboli en présence du 
mutant de BAP1 C91S ΔHBM démontrant que l’interaction avec HCF-1 est essentielle pour la 
fonction de BAP1 dans la régulation de la prolifération cellulaire 234. HCF-1 est requis pour 
promouvoir la progression du cycle cellulaire à la transition G1/S et ce en recrutant des 
méthyltransférase qui modifient H3K4 au niveau des promoteurs des gènes cibles de E2F1. De 
ce fait, il est plausible de dire que BAP1 agit pour accomplir cette fonction en régulant avec 
HCF-1 la transcription des gènes cibles de E2F à la barrière G1/S. 
1.5.4 Rôle de BAP1 entant que régulateur transcriptionnel : 
À l’issue de notre première investigation sur BAP1, nous avons pu élucider une partie du 
rôle fonctionnel de cette déubiquitinase. De manière mécanistique, nous avons démontré que 
BAP1 forme un complexe tertiaire avec HCF-1 et YY1 78. En effet, BAP1 interagi avec le 
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domaine à doigt de Zinc de YY1 via son domaine coiled coil qui se retrouve au niveau de son 
extension C-terminale. Même si l’interaction entre BAP1 et YY1 semble être transitoire, il a 
été possible de pêcher ce facteur de transcription par des expériences de co-
immunoprecipitation. De plus, HCF-1 se lie avec YY1 au niveau d’une région riche en 
glycines et lysines et cette association est requise pour maintenir la formation du complexe 
tertiaire BAP1/HCF-1/YY1. 
D’autre part, notre groupe a défini le profil d’expression des gènes (transcriptome) suite à 
une déplétion de cette DUB 78. En effet, nous avons entrepri la technique de microarray afin 
d’analyser l’expression des ARNm en présence ou en absence de BAP1 (RNAi). Nous avons 
ainsi identifié une multitude de gènes dont le niveau d’expression a été dérégulé suite à la 
déplétion de BAP1. On compte des gènes requis pour la régulation du cycle cellulaire, la 
réponse aux dommages à l’ADN, l’apoptose, la survie cellulaire ainsi que le métabolisme 
cellulaire 78 (Voir Annexe 1).  
Pour  définir de plus près le rôle de BAP1 entant que régulateur transcriptionnel, nous 
avons pris comme exemple un gène dont l’expression a été grandement réduite lors de la 
déplétion de BAP1. Le gène cox7c, qui favorise le transport terminal des électrons au niveau 
de la mitochondrie, a été choisi du fait que YY1 est connu pour être impliqué dans la contrôle 
du métabolisme cellulaire à différents niveaux et intervient également dans la régulation de 
notre gène cible 242. La déplétion de BAP1 ou de HCF-1 induit une diminution du niveau 
protéique de cox7c alors que le RNAi de YY1 provoque une activation de l’expression de ce 
gène. De manière plus significative, la déplétion de YY1 diminue la présence de BAP1 et de 
HCF-1 sur le promoteur du gène cox7c indiquant que YY1 est requis pour le recrutement du 
complexe de régulation transcriptionnel BAP1/HCF-1 sur les gènes cibles 78 (Voir Annexe 1). 
Il faut aussi noter que le complexe BAP1 contient d’autres facteurs de transcription comme 
FOXK1, FOXK2, NRF-1, la famille ETS des facteurs de transcription qui sont Elf-1, Elf-2 et 
Elf-3 78. Ces régulateurs transcriptionnels qui possèdent des séquences spécifiques de liaisons 
à l’ADN, peuvent avoir un rôle crucial dans la coordination du recrutement du complexe 
BAP1 sur des régions promotrices particulières du génome.  
1.5.5 BAP1 est un gène suppresseur de tumeurs : 
30 
 
Depuis sa découverte et plus particulièrement durant les quinze dernières années, 
plusieurs évidences ont été établies démontrant que BAP1 est un gène suppresseur de tumeurs 
77,243. BAP1 a été identifié comme étant une déubiquitinase qui interagit avec BRCA1. Le 
locus du gène BAP1 se localise au niveau du chromosome 3p21.3, une région fréquemment 
déletée et remaniée au niveau des cellules cancéreuses 244. En effet, il a été rapporté que des 
délétions au sein de cette région surviennent dans approximativement 30 à 60 % des cancers 
de  mésothéliome, 85 % des cas de tumeurs de l’œil au stade de métastase et que des pertes 
d’hétérozygotie se produisent dans 80 % des carcinomes de sein, 90 % des carcinomes des 
poumons ainsi que la plupart des carcinomes rénaux 226,245. Dans l’étude décrivant linteraction 
entre BAP1 et BRCA1, il a été identifié pour la première fois la perte des deux copies du gène 
BAP1 226. D’autre part, BAP1 peut aussi agir indépendamment de BRCA1 236. Cette activité de 
suppression de tumeurs est toutefois dépendante de son activité catalytique et de sa 
localisation nucléaire 236,241. De manière plus intéressante la déplétion de BAP1 par RNAi 
affecte de manière négative la prolifération cellulaire 227,233,234. Toutefois, le mécanisme de 
régulation de cet effet reste inconnu. 
 L’inactivation de BAP1 prédispose au développement du ‘‘syndrome de cancer de 
BAP1’’ : 
De nombreuses autres études sont venues confirmer que BAP1 est un gène suppresseur de 
tumeurs majeur. BAP1 est muté et inactivé dans plusieurs types de cancers sporadiques et 
héréditaires 77,243. En effet, de plus en plus, de nouvelles mutations somatiques et germinales 
de BAP1 sont diagnostiquées dans le mésothéliome, le mélanome de l’œil, les tumeurs 
melanocytiques de la peau, le carcinome rénale et les cancers du sein et des poumons. Ainsi, 
BAP1 représente la DUB la plus mutée et inactivée dans les cancers 226,230,231,235,246-250. Il a été 
également reporté que BAP1 possède une activité anti-métastatique. En effet, une prévalence 
de mutations homozygotes de BAP1 se trouve dans 84 % des échantillons des tumeurs 
métastatiques de mélanomes de l’œil analysés. La déplétion de BAP1 dans ces cancers 
provoque un changement de la signature transcriptionnelle de ces cellules tumorales en phase I 
et permet de les ramener au stade II caractéristique des cellules en métastase. Plus 
particulièrement, le profil d’expression des ARNm révèle une augmentation de l’expression 
des gènes impliqués dans l’induction de l’invasion cellulaire à savoir CDH1 ainsi que 
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l’activation transcriptionnelle du proto-oncogène KIT, deux protéines généralement associés à 
l’invasion agressive des mélanocytes. Également, l’expression des gènes requis pour la 
différentiation normale des mélanocytes comme les gènes CTNNB1, EDNRB, et SOX10 
étaient grandement diminuée 231.  
 Toutes ces études qui décrivent les mutations de BAP1 dans les différents cancers 
démontrent que le dysfonctionnement de cette DUB prédispose au développement du 
‘‘syndrome de cancer BAP1’’. En effet, dans le but d’identifier les mutations qui seraient à 
l’origine du développement de mésothéliome, celles de BAP1 étaient parmi les altérations 
conférant un haut risque de développer la maladie. De plus, la chance de développer d’autres 
types de cancers est très élevée chez les patients porteurs de ces mutations. Ainsi, des 
mutations germinales hétérozygotes de BAP1 qui sont à l’origine de la production d’une forme 
prématurée et non fonctionnelle de BAP1 favorisent le développement ultérieur de cancers 
agressifs de mésothéliome, de mélanome de l’œil, de mélanome de la peau, d’un carcinome 
rénal et possiblement d’autres types de tumeurs 235. De plus, les mêmes individus dépistés pour 
ces types de mutations présentent également une perte du deuxième allèle de BAP1 au niveau 
de ces tumeurs 235,249,251. Des observations similaires ont été révélées par une autre étude 
soulignant l’incidence élevée de mutations de BAP1 dans des cas de cancers sporadiques de 
mésothéliome pleural malin (MPM). En effet BAP1 était inactivé dans 23 à 60 % des 
échantillons de tumeur analysés avec également une perte du deuxième allèle 235,247,252,253.  
 Inactivation de la fonction suppressive de tumeurs de BAP1 dans les malignités 
myéloïdes : 
Le rôle de BAP1 comme gène suppresseur de tumeurs dans les malignités myéloïdes a 
été récemment élucidé. En effet, un knockout constitutive chez la souri provoque une létalité 
précoce de l’embryon. Néanmoins, un knockout conditionnel de BAP1 à l’âge adulte induit 
par la recombinase Cre, sous ajout de tamoxifene, pouvait être généré. Les animaux 
développant une perte de BAP1, souffraient d’une anémie aigüe accompagnée après 4 
semainees de l’injection du tamoxifene, de syndromes myélodysplasiques (SMD) et de 
leucémies myélomonocytaires chroniques (LMMC). Ceci était à l’origine de dérégulations de 
l'érythropoïèse et de thrombopoïèse 230. 
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 Les différents types de mutations de BAP1 : 
 BAP1 est sujet à de multiples types d’altérations génétiques. Ces mutations incluent 
des mutations faux-sens qui résultent de la substitution d’un nucléotide par un autre, des 
mutations non-sens provoquant l’apparition d’un codant stop, des insertions/délétions qui 
causent un décalage du cadre de lecture et de ce faite la production prématurée de la protéine, 
et des mutations dans des sites d’épissages 77,231,246,249,250,253-255. Dépendamment du type de 
mutations ponctuelles et de l’endroit dans lequel elles se produisent, différentes conséquences 
fonctionnelles en découlent. Les mutations ponctuelles les plus caractérisées de BAP1 se 
produisent particulièrement au niveau du UCH, du CTD ou encore au niveau du signal de 
localisation nucléaire (NLS) (Figure 1.8). Pour ce qui est du UCH, les mutations affectent soit 
les acides aminées qui composent la triade catalytique (C91, H169, D184) ou des acides 
aminés dans le voisinage immédiat du site catalytique (F81, A95, S172) 77,231,246,249-251,253-255. 
Les mutations au niveau du CTD pourraient affecter l’interaction de BAP1 avec ses 
partenaires et de ce fait son habilité à intégrer des complexes multi-protéiques. De point de vue 
fonctionnel, nous avons démontré récemment qu’une délétion de quatre acides aminées au 
niveau du CTD de BAP1, R666-H669 231, abolie spécifiquement son interaction avec les deux 
protéines Polycombes du complexe, ASXL1 et ASXL2. La perte d’interaction entre BAP1 et 
ces deux protéines inhibe son activité catalytique envers son substrat H2A K119 
monoubiquitiné. Ceci a pour conséquence de perturber la fonction suppressive de tumeurs de 
cette DUB entant que régulateur de la prolifération cellulaire 209. Les mutations ponctuelles au 
niveau du NLS de BAP1 auraient ainsi pour conséquence sa rétention dans le cytoplasme. À la 
lumière de ceci nous avons établi que des délétions/insertions au niveau du domaine C-
terminale de BAP1 (Δ631-634 et Δ637-638InsN), favorisaient sa séquestration cytoplasmique. 
De manière plus intéressante, ces mutations ne semblent pas affecter l’activité catalytique de 
BAP1 envers H2A ubiquitiné démontrant que la perte de la fonction suppressive de tumeurs de 
BAP1 peut être causée par une localisation subcellulaire non appropriée de BAP1 241 (Voir 
Annexe 2).    
          Il est également aussi important de signaler la présence d’autres mutations de BAP1 au 
niveau de son large domaine présent entre le UCH et le CTD. Cette région ne possède pas une 
caractéristique structurelle bien définit (NORS) mais contient le domaine HBM requis pour sa 
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liaison avec HCF-1. Ainsi, des mutations au niveau du HBM ont été reportées au sein d’un 
carcinome rénal aboutissant à la perte de l’interaction de BAP1 avec HCF-1 et de ce faite de 
son activité anti-proliférative250.       
 
 
 
 
Figure 1.8 : Fréquence des mutations 
de cancer de BAP1 répertoriées au 
sein de ses domaines fonctionnels : 
Les mutations ont été prises à partir de 
la base de données COSMIC (Catalog of 
Somatic Mutations in Cancer) et 
alignées avec les domaines de BAP1.   
 
 
 
 
1.6 Le cofacteur transcriptionnel HCF-1 (Host Cell Factor 1) 
 
Il y a maintenant à peu près une vingtaine d’années depuis la découverte de HCF-1, la 
protéine la plus abondante dans le complexe BAP1. HCF-1 a été initialement isolée comme 
étant un cofacteur transcriptionnel du herpes simplex virus-1 (HSV-1) transactivation factors 
VP16 et le facteur cellulaire POU2F1. HCF-1 joue un rôle crucial dans l’induction de 
l’expression virale des gènes immédiats précoces (immediate early genes) (IE). En effet, HCF-
1 s’associe à la chromatine avec différents complexes de remodelage de la chromatine et 
permet ainsi de recruter plusieurs facteurs transcriptionnels au niveau des promoteurs des 
gènes IE afin de moduler leur potentiel transcriptionnel 256-259. En plus de son rôle comme 
activateur virale, HCF-1 est maintenant bien identifié comme un régulateur majeur de 
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dans les 
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plusieurs voies de signalisation cellulaires à savoir, la progression du cycle cellulaire, le 
métabolisme, l’épissage de l’ARN et la coordination du rythme circadien 258-269. 
1.6.1 Caractéristiques de la structure de HCF-1 : 
La structure de HCF-1 est très particulière. Plusieurs régions structurales et fonctionnelles 
distinctes peuvent être définies. Le domaine N-terminale de HCF-1 contient le domaine Kelch  
qui est composé de cinq régions répétitives  de β-propeller-like. Ce domaine qui participe à 
établir des interactions protéines/protéines permet de spécifiquement lier HCF-1 à ses 
partenaires via leur domaine de liaison à HCF-1, le motif de liaison à HCF-1 (HCF-1 binding 
motif), HBM. Cette petite région d’acides aminés contient une séquence consensus, [E/D]-H-
X-Y et se retrouve au sein de plusieurs facteurs de transcription et régulateurs épigénétiques 
dont le coactivateur de la réponse HSV virale VP16, les facteurs de transcription PGC-1, 
LZIP, E2F1/3/4, THAP1-4, Krox20, la méthyltransférase MLL5, et BAP1 258,264,270-274. Un 
autre domaine requis pour favoriser des interactions protéines/protéines, est le domaine Basic 
adjacent au domaine Kelch. En plus, des interactions intramoléculaires, ce domaine favorise 
l’interaction de HCF-1 avec la protéine SIN3A (SIN3 Transcription Regulator Family Member 
A), la O-linked N-acétylglucosamine transférase (OGT) 259,275 , et les facteurs de transcription 
GABP2 267 et ZBTB17 276. 
Entre les régions N-terminale et C-terminale, HCF-1 contient un domaine unique de 
clivage protéolytique nommé, PPD (proteolytic processing domain). Ce domaine critique 
permet, en plus des interactions protéines/protéines, d’assurer la maturation protéolytique de la 
protéine, un mécanisme indispensable pour la fonction biologique de HCF-1. Les protéines 
connues pour interagir avec le PPD sont le co-activateur/co-represseur four-and-a-half LIM 
domain-2 (FHL2) et la OGT 275,277. L’extension C-terminale de HCF-1 comprend la région 
acidique et un tandem de domaines de fibronectine de type 3 : FN3-1 et FN3-2. Des travaux 
ont révélé que le domaine C-terminale est impliqué dans les interactions avec la protéine 
phosphatase 1 (PP1) 260 et la protéine PDCD2 qui sont deux régulateurs négatifs de la 
prolifération cellulaire 278 (Figure 1.9). 
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Figure 1.9 : Représentation schématique de la structure de HCF-1 de différentes 
espèces : Description des domaines qui sont conservés au niveau des protéines de la famille de 
HCF. HsHCF-1 (Human HCF-1), FrHCF-1 (fish Fugu rubripes HCF-1), DmHCF (Drosophila 
melanogaster DmHCF),  CeHCF (Caenorhabditis elegans CeHCF), HsHCF-2 (Human HCF-
2). (Modifiée de Trends Biochem Sci. 2003 Jun;28(6):294-304) 259.                
 
1.6.2 Processus de maturation protéolytique de HCF-1 : 
HCF-1 est synthétisé sous forme d’un long précurseur de 300 KDa qui par la suite subit 
rapidement un processus de protéolyse au niveau de son domaine centrale, le PPD 258,271,277,279. 
Ce domaine contient 8 réitérations de 20 acides aminés. Six de ces répétitions sont des sites de 
clivage actifs et permettent la génération de plusieurs fragments N-terminaux et C-terminaux 
de différents poids moléculaires 258,271,277,279. Suite à ce processus de maturation, il s’est avéré 
que les fragments polypeptidiques N-terminaux et C-terminaux de HCF-1 restent fortement 
associés. Cette interaction est contribuée par les séquences, self-association sequences (SAS). 
Le SAS-N au niveau N-terminale de HCF-1 se retrouve adjacent au domaine Kelch alors que 
le C-terminale SAS-C se localise au niveau du domaine FN3-1. Le mécanisme de l’auto-
association entre les domaines SAS-N et SAS-C a été récemment identifié et démontre que 
cette interaction est requise à la bonne formation du complexe de transactivation 
Oct1/VP16/HCF-1 280. 
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Tous les domaines fonctionnels de HCF-1, le domaine Kelch, les motifs SAS, les 
domaines FN3 et les domaines Basic et acidic sont très conservés au sein des espèces des 
métazoaires. Ce qui est intéressant est que le processus de maturation protéolytique de HCF-1 
est spécifique à tous les ortologues de HCF-1 à l’exception de HCF-1 de Caenorhabditis 
elegans (CeHCF) 281. De plus, le mécanisme de clivage protéolytique de HCF-1 semble être 
différent parmi les métazoaires. En effet, HCF-1 de la Drosophile, dHCF-1 subit un processus 
de maturation différent de celui de HCF-1 des cellules de mammifères. dHCF-1 ne comporte 
pas un domaine PPD mais plutôt un site de clivage spécifique à la taspase-1 requis pour sa 
protéolyse 282. Le clivage protéolytique de HCF-1 est une modification post-traductionnelle 
indispensable pour l’établissement de la fonction biologique de la protéine. En effet, il est bien 
défini que la maturation de HCF-1 est critique pour assurer le rôle de ce cofacteur 
transcriptionnel comme régulateur transcriptionnel et pour garantir une progression adéquate 
du cycle cellulaire à travers la mitose 266,275 . De manière plus spécifique, nous avons contribué 
à la découverte d’un mécanisme de régulation unique entre HCF-1 et OGT qui met en 
évidence un rôle indispensable de la O-GlcNAcylation dans le clivage protéolytique propre de 
HCF-1 275,283,284 (Voir Discussion).    
1.6.3 HCF-1 est un régulateur majeur du cycle cellulaire : 
HCF-1 est une protéine nucléaire très abondante dans les cellules. Pour exercer ses 
fonctions biologiques, HCF-1 s’associe avec des activateurs transcriptionnels comme les 
complexes MLL1, MLL5, SETD1, les complexes d’acétyltransférase MOF-NSL, les 5-
méthylcytosine hydroxylase TET2/3 (Ten-Eleven Translocation), les histones déméthylases 
LSD1 et JMJD2 et le complexe de remodelage de la chromatine CHD8. D’autre part HCF-1 se 
retrouve également au sein de complexes répresseurs à savoir, les complexes de déacethylases 
SIN3A/HDAC1/2 et THAP1/HDAC3 270,272,285-289. De plus, HCF-1 admet un rôle dans le 
maintien de la structure de la chromatine et ce en recrutant au  niveau de l’ADN des facteurs 
d’assemblage de la chromatine et des chaperonnes (les chaperonnes des histones H3/H4 Asf1a 
et Asf1b) 290. Il est important de signaler que tous les complexes multi-protéiques propres à 
HCF-1 contiennent des quantités importantes de OGT qui constitue un élément crucial pour 
maintenir la stabilité et la fonction de ces complexes 78,286-288,291. 
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De point de vue fonctionnel, HCF-1 joue un rôle principal dans la régulation du cycle 
cellulaire. En effet, il est bien établi que HCF-1 coopère avec les facteurs de transcription E2F 
pour le control de la progression du cycle cellulaire notamment au cours de la transition G1/S. 
Les facteurs de transcription E2F jouent un rôle crucial dans la modulation de la transcription 
de leurs gènes cibles lors de l’initiation et la progression de la phase S du cycle cellulaire 
270,288. Ces facteurs transcriptionnels incluent des activateurs comme E2F1 et E2F3 et des 
répresseurs comme E2F4. Afin d’exécuter sa fonction, HCF-1 permet le recrutement de 
complexes transcriptionnels spécifiques sur les gènes cibles des E2Fs. En effet, HCF-1 
s’associe avec les complexes MLL/SETD1 afin de promouvoir H3K4me3 sur les promoteurs 
des gènes cibles de E2F1/3 durant l’initiation de la phase S. Pour agir comme répresseur 
transcriptionnel, HCF-1 interagi avec E2F4 afin de permettre le recrutement du complexe 
répresseur HDAC/Sin3A sur les promoteurs des gènes cibles 270,288. 
1.7 La O-linked N-acétylglucosamine transférase, OGT 
La O-linked N-acétylglucosamine transférase (OGT), est une enzyme essentielle qui 
s’exprime de manière ubiquitaire au niveau des cellules eucaryotes est qui catalyse la O-
GlcNAcylation. Cette modification post-traductionnelle correspond à l’addition d’une seule 
molécule de monosaccharide de N-acétyl glucosamine (O-GlcNAc) au niveau des 
groupements hydroxyles des résidus thréonines et sérines des protéines 292-294 (Figure 1.10). 
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Figure 1.10 : O-GlcNAcylation et phosphorylation des protéines. : La OGT et les kinases 
modifient respectivement, par O-GlcNACylation et phosphorylation les mêmes résidus sérines 
et thréonines des protéines. G-protéine (O-GlcNAcylated protein). Glc (glucose), HBP 
(Hexosamine Biosynthetic Pathway), UDP (Uridine di-phosphate N-Acetylglucosamine), O-
GlcNAc (O-Linked N-acetylglucosamine), P- protéine (phosphorylated protein), TCA 
(tricarboxylic acid). (Modifiée de Proc Natl Acad Sci U S A. 2012 Oct 23;109(43):17319-20) 
295.  
 Les réactions de glycosylation ont été largement définies comme étant des réactions 
complexes contribuant à l’ajout de chaînes d’hydrate de carbones au niveau des résidus sérines 
et thréonines des protéines (il s’agit dans ce cas de la O-glycosylation) ou des acides aminés 
arginines (pour la N-glycosylation). Ces modifications ne sont pas réversibles et ne se 
produisent que dans certains compartiments cellulaires à savoir, le réticulum endoplasmique 
ou l’appareil de Golgi. La O-GlcNAcylation, contrairement aux  réactions de glycosylation 
classiques, modifie les protéines nucléaires et cytoplasmiques. Elle n’implique pas une 
extension en chaînes du monomère d’O-GlcNAc et de ce fait représente une sorte de 
modification unique 296-298.  
De nos jours plus des milliers protéines nucléocytoplasmiques ont été répertoriées comme 
étant des substrats de la OGT. Ceci démontre que la O-GlcNAcylation est étroitement 
impliquée dans la régulation de pratiquement tous les processus cellulaires 292-294,299-304  
(Figure 1.11). Il a été longtemps admis que la OGT est la seule et unique enzyme capable de 
catalyser la O-GlcNAcylation. Récemment, une étude a révélé l’existence d’une nouvelle 
enzyme, la e-OGT, qui est également responsable de la modification par O-GlcNAcylation des 
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protéines de la matrice extracellulaire 305. Cependant, la OGT reste l’unique enzyme capable 
de catalyser la O-GlcNAcylation des protéines intracellulaires 292,293,301-304.  
La plupart des sites modifiés par O-GlcNAcylation sont également des sites de 
phosphorylation indiquant que la O-GlcNAcylation joue un rôle majeur dans le contrôle de la 
cascade de signalisation des kinases 306-308 (Figure 1.10).  
 
 
 
 
 
 
 
 
 
 
 
Figure 1.11 : La O-GlcNAcylation est impliquée dans la régulation de tous les processus 
cellulaires : Les fluctuations de la balance énergétique dans les cellules permet de lier la O-
GlcNAcylation à la régulation d’une multitude de voies de signalisation cellulaires incluant la 
dégradation des protéines, la régulation des réponses immunitaires, la régulation de la 
mémoire épigénétique,  la modulation du rythme circadien et la transcription génique. Des 
défauts métaboliques lies à des variations du niveau de O-GLcNAC cellulaire sont à l’origine 
de développement de plusieurs maladies malignes. (Modifiée de J Genomics 2014; 2:77-88. 
doi:10.7150/jgen.8123) 309. 
  
 
 
 
 
40 
 
1.7.1 Structure de la OGT : 
OGT est une enzyme très conservée et est retrouvée chez tous les organismes métazoaires. 
Une enzyme similaire a été aussi identifiée chez les bactéries 310. Chez l’humain, OGT est 
traduite sous forme d’un polypeptide de 1028 acides aminés comprenant 11.5 séquences 
répétitives de tétratricopeptides (TRP) au niveau de son domaine N-terminale et un multi-
domaine catalytique au niveau de sa région C-terminale (CDI et CDII) (Figure 1.12). Le 
domaine TRP représente une plateforme pour des interactions protéines/protéines et assure la 
détermination de la sélectivité envers les substrats 311-315. OGT a été prédite comme étant une 
glycosyltransférase appartenant à la superfamille des glycosyltransférase GT-B. La 
particularité de la OGT est qu’elle est l’unique enzyme parmi les GT-B à être capable de 
catalyser la O-GlcNAcylation de substrats polypeptidiques 316. La région catalytique de OGT 
contient trois domaines distincts, un domaine N-terminale (N-Cat), un domaine C-terminale 
(C-Cat) et un domaine intermédiaire (Int-D). Ce dernier est un domaine de 120 acides aminés 
dont la structure est indéterminée 317. De plus, ce qui distingue OGT, est la présence au niveau 
de sa région catalytique d’un domaine PPO (PIP-binding domain of OGT) de liaison au 
phosphatidylinositol (3,4,5)-trisphosphate (PIP3) permettant ainsi sa translocation à la 
membrane plasmique suite à l’induction de la voie de signalisation de l’insuline 318. 
 
Figure 1.12 : Les différents isoformes de la OGT : Les trois isoformes de la OGT qui sont 
produits dans la cellule diffèrent selon la longueur des séquences de TRP. La forme nucléaire 
(ncOCT) comprend 12 TRP, la OGT mitochondriale (mOGT) en contient 9 et la forme la plus 
courte (sOGT) comprend uniquement 3 TRP. TRP (Tétratricopeptides), MTS (Séquence de 
ciblage mitochondrial) CD (domaine catalytique). (Modifiée de Nature Reviews Molecular 
Cell Biology 13, 312-321 (May 2012) et de Trends Endocrinol Metab 24 (6):301-9 Juin 2013) 
319,320 
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1.7.2 La O-GlcNAcylation est un régulateur majeur du métabolisme  
La O-GlcNAcylation joue un rôle primordial dans la régulation des interactions 
protéines/protéines, la modulation de l’activité enzymatique, la stabilité protéique  ainsi que la 
localisation subcellulaire des protéines 302-304. De plus, cette modification est une modification 
très dynamique. Ainsi, la O-GlcNAcylation est sujette à plusieurs types de régulations 
gouvernées par une multitude des signalisations extracellulaires et intracellulaires incluant la 
signalisation des facteurs de croissance, la fluctuation intracellulaire de la concentration en 
glucose et de nutriments ainsi que la réponse cellulaire aux différents stress 302-304,321. En effet, 
une fraction de 2 à 5% de la quantité cellulaire en glucose est directement acheminée vers la 
voie de biosynthèse de l’hexosamine (HBP, Hexosamine Biosynthetic Pathway) pour la 
production de l’UDP-N-Acétyl-glucosamine (UDP-GlcNAc), substrat de la OGT 304,321,322. 
Cette signalisation incorpore plusieurs voies métaboliques majeurs à sa voir, le métabolisme 
du glucose, des acides gras, des acides aminés et des nucléotides 304,321,322. L’UDP-GlcNAc se 
place ainsi comme étant un « senseur métabolique » qui participe à la modification des 
protéines en fonction du changement métabolique en glucose (Figure 1.10 et Figure 1.13). 
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Figure 1.13. La O-GlcNAcylation des protéines et la voie de synthèse de l’hexosamine 
HBP : La voie de HBP incorpore les voies métaboliques majeures (métabolisme du glucose, des 
acides gras, des acides aminés et des nucléotides) pour la production de l’UDP-GlcNAC, substrat de la 
OGT. (Modifiée de Annu. Rev. Biochem, 2011. 80:825-858) 304. 
 
De ce fait, cette relation étroitement régulée entre la disponibilité de l’UDP-GlcNAc et la 
O-GlcNAcylation des protéines cibles, peut engendrer des réponses cellulaires différentes 
allant de la modulation de la signalisation au niveau des membranes plasmiques jusqu’ à la 
régulation des réponses immunitaires, la dégradation des protéines, la régulation de la 
mémoire épigénétique, ainsi que la modulation du rythme circadien et de la transcription 
génique 303,304,316,318,321,323 (Figure 1.11). De ce fait, des défauts dans les mécanismes de 
régulation de la O-GlcNAcylation ont été reporté dans de nombreuses maladie humaines 
malignes comme les maladies neurodégénératives, le diabète et différents types de cancer 
308,318,323-331. Pour justifier davantage l’implication de la O-GlcNAcylation dans la modulation 
du métabolisme, il a été démontré qu’une hyper O-GlcNAcylation des protéines cellulaires 
catalysée par la OGT se produit au niveau des cellules cancéreuses caractérisées par une 
absorption excessive de glucose ou suite à l’hyperglycémie survenant lors du diabète 
307,320,321,327,332-335. De ce fait, il devient urgent de penser à développer des stratégies 
thérapeutiques basées sur la modulation de l’activité catalytique de la OGT et ce afin 
d’améliorer le diagnostic et le traitement de cancers et d’autres pathologies sévères.  
 
1.7.3 La O-GlcNAcylation est une réaction réversible : 
La O-GlcNAcylation est une modification réversible, et cette réaction hydrolytique est 
catalysée également par une enzyme unique, la N-Acétyl-β-D glucosaminidase (O-GlcNAcase 
ou OGA). La OGA est également une enzyme très conservée et présente une structure très 
particulière. En effet, en plus de son domaine catalytique, le domaine glucosaminidase 
(GlcNAcase) au niveau N-terminale, OGA possède un autre domaine distinct au niveau de son 
extension C-terminale qui ressemble au domaine catalytique de l’histone acétyltransférase 
GCN5 336-339. Ceci suggère que OGA possède une activité bi-fonctionnelle du fait qu’elle 
pourrait en plus de son activité glucosaminidase, promouvoir l’acétylation des protéines cibles. 
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Cependant malgré cette dualité enzymatique, les mécanismes d’action de la OGA reste encore 
peu connus. 
1.7.4 OGT est un facteur essentiel de la régulation transcriptionnelle : 
De nombreuses études ont défini que la O-GlcNAcylation joue un rôle primordiale dans la 
régulation de l’épigénome 292,340. En effet, plusieurs facteurs et co-régulateurs transcriptionnels 
ainsi que des enzymes de modification de la chromatine sont des substrats de la OGT. Ceci a 
pour effet de moduler leur recrutement au niveau de la chromatine, leur stabilité, leur activité 
ainsi que leur assemblage au sein de complexes régulateurs fonctionnels 302,341-343. Plus 
spécifiquement, OGT s’associe avec HCF-1 à des complexes activateurs comme les 
complexes MLL1, MLL5, SETD1, les complexes des 5-méthyl cytosine désoxygénasses 
TET1/2/3 et  les complexes d’acétyltransférase MOF-NSL. OGT peut aussi se retrouver au 
sein de complexes répresseurs comme le complexe de la déacethylase d’histones, SIN3A 285-
287,342-344. 
 
1.7.5 OGT et la régulation épigénétique: 
Récemment, il a été révélé que la OGT chez la Drosophile est codée par le gène exprimant 
la protéine Polycombe Super Sex Combs (SXC) 345,346. SXC est recrutée au niveau des clusters 
des gènes Hox pour permettre la répression de la transcription. De plus, la perte d’expression 
de la protéine SXC engendre une de-répression des gènes Hox résultant à une transformation 
homéotique de multiples segments durant le développement précoce de la Drosophile 347. De 
même, des mutations hétérozygotes du gène sxc, contribuent à des transformations 
homéotiques sévères aboutissant à une létalité tardive des mutants au stade pupe 345,346. De 
plus, le knockout de la OGT dans la souris cause une létalité embryonnaire précoce délignant 
l’importance critique de cette enzyme au cours du développement de l’organisme vivant 348,349. 
Ce qui est très intéressant est que les phénotypes observés suite aux mutations du gène sxc 
peuvent être reversés par une réintroduction de la OGT humaine, soulignant ainsi la 
conservation fonctionnelle de celle-ci durant l’évolution 348,349. Les évidences se succèdent 
pour démontrer le rôle de la OGT comme régulateur épigénétique. Des données relativement 
récentes suggèrent que trois protéines Polycombe du complexe PRC1 peuvent être des 
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substrats potentiels de OGT chez la Drosophile 345. Il a été aussi établi que OGT interagit 
directement avec le complexe Polycombe PRC2 par l’intermédiaire de EZH2. De plus, OGT 
joue un rôle primordial dans le maintien de la fonction et la stabilité protéique de EZH2 en 
assurant sa O-GlcNAcylation. En effet, la déplétion de OGT engendre une déstabilisation 
protéique de la forme non modifiée de EZH2 ainsi qu’une diminution du niveau global de 
H2K27me3 dans les cellules 350.  
Un autre aspect de régulation transcriptionnelle médié par OGT est défini par sa relation 
fonctionnelle avec la famille des protéines TET. TET1, TET2 et TET3 sont les seules enzymes 
connues pour catalyser la déméthylation de l’ADN et ce par la conversion du 5-methyl-
cytosine (5mC) en 5-hydroxy-methyl-cytosine (5hmC) 68. Ainsi, de nombreuses études ont 
rapporté que OGT interagit avec et modifie par O-GlcNAcylation TET1/2/3. Cette 
modification ne semble toutefois pas affecter l’activité catalytique de ces déméthylases de 
l’ADN. En contrepartie, TET1/2/3 sont requises pour le recrutement de OGT sur la 
chromatine, qui elle, permet de réguler l’expression de TET1 et de maintenir le niveau du 
5hmC au niveau des promoteurs des gènes cibles 285,351-355. 
 La O-GlcNAcylation et le code de l’histone: 
        Ce qui a augmenté d’avantage la popularité de la OGT dans le domaine de l’épigénétique, 
est le fait  d’avoir intégré la O-GlcNAcylation dans le « code de l’histone ». En effet, plusieurs 
études récentes ont reporté que OGT pouvait directement cibler les histones et de ce fait 
catalyser une nouvelle marque épigénétique au niveau de la chromatine 20,21,351,356,357. 
L’implication de la OGT dans la modification des histones a été suggérée pour la première fois 
avec le travail de Sakabe et Hart qui ont proposé que H2A, H2B et H4 seraient modifiées par 
O-GlcNAcylation au niveau des sites Thr101, Ser36, et Ser47 respectivement 21,358. D’autres 
études ont également reportées la modification des quatre histones au niveau des cellules 
HEK293 68,351,359. En outre, la O-GlcNAcylation de H3S10 a été également présentée. Cette 
modification semble rentrer en compétition avec la phosphorylation de H3 sur le même résidu. 
Il a été ainsi suggéré que la O-GlcNAcylation de H3 pourrait réguler l’état transcriptionnel de 
la chromatine durant la progression du cycle cellulaire 68,360. Il est aussi éminent de signaler 
que la plupart des sites de O-GlcNAcylation des histones se retrouvent dans la région 
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globulaire du nucléosome suggérant que ces modifications pourraient avoir un rôle dans le 
maintien de la structure de la chromatine 357. Ultérieurement, Fujiki et ses collègues ont 
reporté trois nouveaux sites  de O-GlcNAcylation de H2B, Ser91, Ser112 et Ser123. Plus 
particulièrement, ils ont suggeré que la O-GlcNAcylation de H2B Ser112 promouvait la 
monoubiquitination de H2B au niveau de la lysine K120 (H2B K120ub) proposant ainsi une 
possible association de cette modification avec l’activation de la transcription 20. De plus, un 
des travaux a reporté que l’interaction entre TET2 et OGT pouvait être requise pour favoriser 
la O-GlcNAcylation de H2B au niveau de la Ser112 351.  
1.7.6 Le complexe OGT/HCF-1/BAP1 est un régulateur de la gluconéogenèse: 
Concernant la relation fonctionnelle entre OGT et le complexe BAP1, Ruan et ses 
collègues ont révélés que le complexe OGT/HCF-1/BAP1 est un ‘‘senseur’’ métabolique et un 
facteur important pour le contrôle de la gluconéogenèse. En effet, la modulation du niveau de 
glucose permet à HCF-1/OGT/BAP1 de se lier au coactivateur transcriptionnel PGC1α, un 
régulateur majeur de la biogenèse mitochondriale et la gluconéogenèse hépatique. L’action 
conjointe de OGT et de BAP1 permet la stabilisation protéique de PGC1α et ce en catalysant 
son O-GlcNAcylation et sa déubiquitination afin de prévenir sa dégradation protéasomale 261. 
Une autre étude de Dey et ses collègues, a pu mettre en évidence qu’il existe une régulation 
protéique entre BAP1 et HCF-1/OGT du fait que le knockout de BAP1provoque une 
diminution du niveau protéique de HCF-1 et de OGT. De plus, dans cette même étude il a été 
révélé pour la première fois que OGT est un substrat de BAP1 puisque le complexe de 
déubiquitinase BAP1/ASXL1 purifié à partir des cellules Sf9 catalyse  in vitro la 
déubiquitination de OGT 230. Ces résultats suggèrent qu’il y aurait une régulation concertée au 
sein du complexe BAP1/HCF-1/OGT du fait que par le biais de la stabilisation protéique de 
OGT celle-ci serait en mesure de catalyser l’activation du clivage protéolytique de HCF-1.      
 
1.8 Les régulateurs épigénétiques AXL1 et ASXL2 
 
Chez la Drosophile, La protéine ASX (Drosophila additional sex combs) est d’un intérêt 
très particulier puisqu’elle se classifie parmi les rares protéines Polycombes qui sont atypiques 
46 
 
361. En effet, ASX a été initialement identifiée pour sa fonction comme répresseur et activateur 
transcriptionnel du fait que la délétion de ASX  provoque l’apparition conjointe des phénotypes 
homéotiques caractéristiques de la délétion des deux classes de gènes codants pour les 
protéines Polycombes et Thritorax 361-364. Ainsi, ASX maintient par une dualité fonctionnelle, 
une expression balancée des gènes Hox 361,365-368. Au cours de l’évolution, le gène de ASX a 
évolué pour diverger en trois gènes paralogues codants au niveau des cellules de mammifères 
pour les protéines Polycombes ASXL1, ASXL2 et ASXL3 369-371. Des études récentes ont 
établis que de manière similaire à ASX, ASXL1/2 coordonnent leurs fonctions en s’associant 
avec divers répresseurs et co-activateurs transcriptionnels notamment la déméthylase 
KDM1/LSD1, le complexe Polycombe PRC2 et certaines protéines Thritorax 372-376. 
Néanmoins, le rôle biologique des ASXLs est très peu connu. ASXL2 régule le 
développement cardiovasculaire, l’ostéogenèse, l’ostéoclastogenèse et l’adipogenèse 366,376,377. 
ASXL1 et ASXL2 semble avoir un rôle antagoniste dans la régulation de l’adipogenèse et ce 
en agissant respectivement comme répresseur et activateur des gènes cibles 374.     
1.8.1 Structure des protéines ASXLs : 
ASXL3 est la protéine la plus large parmi les trois membres de la famille des protéines 
ASXLs. Elle compte 2248 acides aminés (aa) pour 1541 aa pour ASXL1 et 1435 aa pour 
ASXL2 371. Ces trois protéines sont caractérisés au niveau de leur extension N-terminale par la 
présence de deux régions conservées nommées, les domaines ASXN et ASXM (ou aussi 
ASXH) 367,370,372  (Figure 1.14). Le domaine ASXN a été identifié comme étant très conservé 
parmi tous les vertébrés 370. ASXN a la particularité d’avoir un domaine unique, le domaine 
HARE-HTH. Ce domaine est structuralement similaire au domaine FOX (Forkhead-box) qui 
est aussi connu comme étant le domaine winged helix-turn-helix retrouvé chez les protéines de 
la famille des FOX à savoir FOXA3, FOXK1, FOXO1 et FOXO4 378. Le domaine FOX est le 
domaine requis pour permettre la liaison à l’ADN des FOXs afin de réguler la transcription et 
la réparation de l’ADN 379. Ainsi, d’après les prédictions émis par SanchezPulido et ses 
collègues, le domaine ASXN serait requis pour favoriser la liaison à l’ADN des protéines 
ASXL 378. Le domaine ASXM de ASXL1 est une région d’interaction protéines-protéines qui 
lie directement des régulateurs épigénétiques comme BAP1 et KDM1/LSD1 79,373. De plus, 
ASXL1 contient d’autres domaines conservés se situant au milieu de la protéine dont un se 
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retrouve au niveau de la région de liaison de  NCOA1 (SRC1) et un deuxième domaine qui 
contient un motif LVxxLL, requis pour favoriser des interactions avec des récepteurs 
nucléaires (NHRs), comme RARα, RARβ, RXRα, RXRβ, ER, AR, GR and TR 372. 
 
Figure 1.14. Représentation 
schématique de la structure 
des protéines de la famille 
ASXL : Les trois principaux 
domaines fonctionnels ASXN, 
ASXM et PHD sont conservés 
au sein de ASXL1, ASXL2 et 
ASXL3. 
 
Étant des régulateurs épigénétiques, les protéines ASXLs ont la spécificité de pouvoir se 
lier sur la chromatine par l’intermédiaire de leurs domaines PHD (C-terminal Plant Homeo 
Domain finger). Les domaines PHD sont des petits modules de signalisation versatiles 
caractérisés par un motif composé de quatre cystéines, une histidine et trois cystéines (C4HC3) 
380-383. La majorité des PHD sont nommés des ‘‘lecteurs’’ (readers) du fait qu’ils reconnaissent 
spécifiquement des modifications post-traductionnelles au niveau des queues N-terminales des 
histones. Les PHD sont des motifs de liaison de lysines acétylées, méthylées ou même non 
modifiées et de ce fait contribuent de façon majeure à la coordination de plusieurs évènements 
associés à la régulation de la chromatine 384-392. Il est également important de signaler que de 
plus en plus, on s’aperçoit que le mécanisme de reconnaissance entreprit par les domaines 
PHD est plus complexe de ce qui est déjà compris. En effet, il a été révélé que ces domaines 
peuvent notamment lier soit l’ADN ou des résidus au niveau du domaine globulaire du 
nucléosome 382. Le rôle exacte du domaine PHD des ASXLs reste à notre jour inconnu. Mais 
des études d’analyses comparatives bio-informatiques prédisent que ce domaine pourrait être 
spécifique à des lysines internes méthylées de l’histone H3 ou même être capable de se lier a 
des séquences spécifiques au niveau de l’ADN 393. De par la spécificité de leurs domaines 
ASXN, ASXM et PHD, les trois membres de la famille ASXL, seraient donc impliqués dans le 
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recrutement spécifique de régulateurs épigénétiques et de facteurs transcriptionnels au niveau 
de la chromatine. 
1.8.2 Rôle de ASXL1/2 dans la régulation de la fonction biologique de BAP1 : 
Récemment, un nouveau complexe polycombe composé de ASX et de Calypso, 
l’homologue de BAP1 chez la Drosophile a été découvert. Ce complexe a été nommé 
‘‘Complexe Polycombe de Déubiquitinase Répressif’’, PR-DUB (Polycomb repressive 
deubiquitylase (PR-DUB) complex). Il a été ainsi décrit que ASX/Calypso catalyse la 
déubiquitination de H2Aub pour réguler l’expression des gènes Hox. Chez l’humain, le 
complexe PR-DUB est composé de BAP1 et de ASXL1. En effet, de manière similaire à 
Calypso/ASX, il a été démontré que BAP1 interagi avec une séquence minimale de ASXL1 
composée de 337 acides aminés se trouvant au niveau de son domaine ASXM. Dans cette 
même étude, il a été établi pour la première fois la relation fonctionnelle entre BAP1 et 
ASXL1. Ainsi, la fonction de BAP1 envers H2A est conservée chez les vertébrés puisque la 
reconstitution de complexes recombinants PR-DUB de la Drosophile (ASX/Calypso) ou 
humain (BAP1/ASXL1) est suffisante pour l’obtention d’un complexe catalytiquement actif 
envers H2Aub 79. Ce qui est contre-intuitif est que cette réaction de déubiquitination, 
contrairement à ce qui serait attendu, promouvait la répression transcriptionnelle des gènes 
cibles 79. Depuis, sa découverte, le mécanisme de répression médié par le complexe 
Polycombe PR-DUB est resté non élucidé. Toutefois, il est plausible d’accorder à ce complexe 
le rôle de bien contrôler l’expression des gènes cibles et ce en maintenant un niveau 
harmonieux de l’ubiquitination de l’histone H2A et de prévenir son hyper-ubiquitination par le 
complexe Polycombe PRC1 394. 
Afin d’élucider le rôle fonctionnel de BAP1/ASXL1/2, nous avons révélé un nouveau 
mécanisme par lequel l’activité de déubiquitination de BAP1 envers H2A ainsi que sa fonction 
de suppresseur de tumeurs sont coordonnés par ces facteurs épigénétiques. En effet, nos 
résultats démontrent qu’il existe une co-régulation protéique étroite entre BAP1 et ASXL2. 
Plus spécifiquement, le maintien des niveaux protéiques de ASXL2 est strictement dépendant 
de BAP1. Ainsi, nous présentons l’importance d’assurer un assemblage adéquat du complexe 
BAP1/ASXL2 afin de permettre le bon fonctionnement de BAP1 comme gène suppresseur de 
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tumeurs. De plus, ASXL1/2 sont requis pour induire l’activité déubiquitinase  de BAP1 envers 
H2A, De manière significative, ASXM s’associe avec BAP1 pour créer  un nouveau domaine 
composite de liaison à l’ubiquitine. Ces interactions BAP1/ASXL1/2 régulent la progression 
harmonieuse du cycle cellulaire. De plus, la surexpression de BAP1 et d’ASXL2 au niveau des 
fibroblastes induit la sénescence de manière dépendante de leurs interactions. D’autre part, 
nous avons identifié une mutation de cancer au niveau de BAP1 le rendant incapable de lier 
ASXL1/2 et agir comme suppresseur de tumeurs 209. 
1.8.3 ASXL1/2 et le cancer : 
 Depuis quelques années et grâce au développement imminent des techniques de 
séquençages génomiques, de nombreuses études sont venues souligner l’implication directe 
des protéines de la famille des ASXLs dans le développement de maladies humaines malignes 
notamment le cancer. En effet, de plus en plus on découvre que ASXL1 et ASXL2 sont mutées 
dans une panoplie de cancers qu’ils soient solides ou leucémiques. Toutefois, ASXL1 semble 
être sujet de manière plus fréquente aux différents types de mutations que ASXL2 395-403. 
ASXL1 se retrouve dans la région chromosomique 20q11 proche du gène DNMT3B et est 
exprimé dans toutes les cellules hématopoïétiques. ASXL1 est muté dans la plupart des 
maladies myéloïdes malignes incluant les syndrome myélodysplasique (SMD), le désordre 
myéloproliferatif (MPF), le néoplasme myéloproliferatif (MPN), les leucémies myéloïdes 
aiguës (AML) et les leucémies myélomonocytaires chroniques (LMMC) 396,397,400,404-410. La 
plupart de ces mutations sont hétérozygotes et se produisent soit au milieu ou au niveau de 
l’extension C-terminale de la protéine aboutissant à une perte du domaine PHD de ASXL1 
400,404-407. Des études de séquençages génomiques révèlent la présence de mutations 
ponctuelles au niveau des domaines ASXN ou ASXM de ASXL1/2. Plus particulièrement, une 
mutation somatique ponctuelle au niveau du domaine ASXM de ASXL1 a été reportée chez 
des patients atteints de leucémie myélomonocytaire chronique (LMMC) 396. 
 
 
 
50 
 
 
 
 
1.9 Hypothèse et objectifs de la thèse : 
 
Depuis quelques années, BAP1 retient beaucoup l’attention des chercheurs en tant que 
gène suppresseur de tumeurs. La première percée dans la compréhension du mécanisme 
d’action de BAP1 a débuté par l’identification des partenaires de celui-ci. En effet, d’autres 
groupes et nous même, avons révélé que BAP1 forme un complexe multi-protéique composé 
principalement de facteurs et régulateurs transcriptionnels. 
Nous nous sommes donc intéressés à définir comment les partenaires de BAP1 
coordonnent son activité catalytique, son interaction avec ses substrats ainsi que sa fonction 
biologique en tant que suppresseur de tumeurs. 
De ce fait, notre hypothèse de travail était, que BAP1 définit des complexes 
épigénétiques distincts qui régulent de manière dynamique et coordonnée différents 
évènements au niveau de la chromatine assurant ainsi sa fonction suppressive de tumeurs.   
Ainsi, nos objectifs étaient de: 
1) Caractériser la relation fonctionnelle entre deux composantes majeures du complexe 
BAP1 à savoir, OGT et HCF-1. 
2)  Définir le rôle de la O-GlcNAcylation dans la régulation d’évènements cellulaires 
liés à la chromatine.  
3) Déterminer le rôle et le mécanisme d’action de ASXL1/2 dans la modulation de 
l’activité catalytique de BAP1 envers H2Aub ainsi que sa fonction suppressive de 
tumeurs. 
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Introduction à l’article : 
 
Le chapitre 2 de ce travail est réservé à présenter les résultats relatifs à l’objectif 1 de la 
thèse. De ce fait, comme HCF-1 et OGT représentent des partenaires majeurs de BAP1, nous 
nous sommes donc intéressés dans cet article à étudier la relation fonctionnelle entre ces deux 
protéines. Ceci nous permettrait de comprendre d’avantage comment des régulations 
protéiques au sein du complexe BAP1 pourraient contribuer à moduler la fonction biologique 
et à élucider le mécanisme d’action de ce gène suppresseur de tumeurs. 
Nous avons contribué à caractériser un mécanisme nouveau de régulation entre HCF-1 
et OGT. En effet, ce travail représente la première étude décrivant que la O-GlcNAcylation de 
HCF-1 est une signalisation cellulaire requise pour induire son clivage protéolytique, un 
processus de maturation finement régulé,  et le contrôle de sa fonction comme facteur 
transcriptionnel.   
     
Contribution : Comme co-premier auteur, ma contribution a consisté à la conception 
et l’exécution de 50% des expériences de l’article, à l’interprétation des résultats et la 
préparation des figures ainsi qu’à la rédaction du manuscrit 
 
 
 
 
 
 
 
54 
 
 
2.1 Abstract 
 
Host Cell Factor 1 (HCF-1) plays critical roles in regulating gene expression in a 
plethora of physiological processes. HCF-1 is first synthesized as a precursor, and 
subsequently specifically proteolytically cleaved within a large middle region termed the 
proteolytic processing domain (PPD). Although the underlying mechanism remains enigmatic, 
proteolysis of HCF-1 regulates its transcriptional activity and is important for cell cycle 
progression. Here we report that HCF-1 proteolysis is a regulated process. We demonstrate 
that a large proportion of the signaling enzyme O-linked-N-acetylglucosaminyl transferase 
(OGT) is complexed with HCF-1 and this interaction is essential for HCF-1 cleavage. 
Moreover, HCF-1 is, in turn, required for stabilizing OGT in the nucleus. We provide evidence 
indicating that OGT regulates HCF-1 cleavage via interaction with and O-GlcNAcylation of 
the HCF-1 PPD.  In contrast, although OGT also interacts with the basic domain in the HCF-1 
amino-terminal subunit, neither the interaction nor the O-GlcNAcylation of this region are 
required for proteolysis. Moreover, we show that OGT-mediated modulation of HCF-1 
impacts the expression of the herpes simplex virus immediate early genes, targets of HCF-1 
during the initiation of viral infection. Together the data indicate that O-GlcNAcylation of 
HCF-1 is a signal for its proteolytic processing and reveal a novel crosstalk between these 
post-translational modifications. Additionally, interactions of OGT with multiple HCF-1 
domains may indicate that OGT has several functions in association with HCF-1 
2.2  Introduction 
 
HCF-1 is a ubiquitously expressed chromatin-associated protein and a major 
transcriptional regulator controlling numerous cellular processes including cell cycle 
progression (reviewed in (Kristie et al. 2009)). 
HCF-1 undergoes a unique mode of limited proteolysis involving a series of 20 aa 
reiterations within the central proteolytic processing domain (PPD) (Kristie and Sharp 1993; 
Wilson et al. 1995). Although the mechanism of cleavage remains to be fully defined, previous 
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studies suggested that HCF-1 might possess an autoproteolytic activity (Vogel and Kristie 
2000). HCF-1 cleavage occurs at one or more reiterated sites at the PPD, generating several N-
terminal and C-terminal subunits that form stable heterodimers via two corresponding pairs of 
motifs, termed self association sequences (SAS) (Wilson et al. 2000).    
Earlier studies indicated that proteolytic processing of HCF-1 is required to coordinate 
two major functions of HCF-1 in cell cycle progression (Julien and Herr 2003). The HCF-1 N 
subunit is necessary and sufficient to promote the G1 to S transition, while the C subunit is 
required for progression through mitosis (Julien and Herr 2003). However, the molecular 
properties that characterize the functions of the precursor versus the mature forms of HCF-1 
remain unclear. It is likely that the gain or loss of specific protein interactions is one major 
consequence of HCF-1 processing. For instance, the coactivator/corepressor FHL2 interacts 
with the HCF-1 precursor via a motif located in the central region of the PPD. HCF-1 
processing removes this motif, thus decreasing the activation of an HCF-1-dependent target 
gene (Vogel and Kristie 2006). 
OGT is a highly conserved enzyme that participates in critical nuclear and cytoplasmic 
signalling events (Butkinaree et al. 2010; Slawson et al. 2010). Similar to phosphorylation, 
OGT modifies S/T residues of target proteins with a single N-acetylglucosamine (O-GlcNAc); 
regulating protein function by influencing protein interactions, enzymatic activity, and 
subcellular localization. Furthermore, O-GlcNAc modification is highly dynamic and ample 
evidence indicates the existence of extensive crosstalk between O-GlcNAcylation and 
phosphorylation in controlling biological processes (Butkinaree et al. 2010; Slawson et al. 
2010). The reversibility of O-GlcNAcylation is ensured by a unique beta-N-
acetylglucosaminidase (OGA) which is also highly conserved (Hu et al. 2010). OGT interacts 
with numerous cellular proteins, most notably transcription factors and regulators. 
Significantly OGT was previously shown to interact with and glycosylate the HCF-1 N 
subunit (Wang et al. 2010; Wysocka et al. 2003). However, the biological significance and 
mechanism of this O-GlcNAcylation remain unknown. Here, we reveal a novel physical and 
functional link between O-GlcNAcylation and limited proteolysis. 
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2.3  Results  
 
2.3.1 HCF-1 regulates the stability of nuclear OGT. 
HCF-1 possesses a unique modular structure consisting of an amino-terminal Kelch 
domain followed by: (i) a region rich in basic residues; (ii) the PPD containing the 20 aa 
reiterations that are the sites of specific proteolysis; (iii) an acidic activation domain; (iv) and a 
set of fibronectin repeats (Fig 2.1A). HCF-1 was previously shown to interact with OGT 
(Wysocka et al. 2003). However the abundance of nuclear OGT stably associated with HCF-1 
relative to the entire nuclear pool was not known. To address this, we immunodepleted HCF-1 
from HeLa nuclear extracts (Fig 2.1B). Quantification of OGT levels in the HCF-1 complexes 
fraction (IP) and the flow through (FT) revealed that nearly 50% of the total nuclear OGT is 
stably associated with HCF-1. The association of a large proportion of OGT with HCF-1 
suggests important roles of this complex. Strikingly, depletion of HCF-1 in HeLa cells by 
shRNA induced a corresponding dose-dependent decrease of OGT (Fig 2.1C). This result was 
confirmed by a pool of 4 siRNA oligonucleotides targeting HCF-1 (Fig 2.1C).  
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Figure 2.1.HCF-1 is required for the maintenance of proper OGT levels.  
(A) Schematic representation of the domains of the human HCF-1. (B) Immunodepletion of HeLa 
nuclear extracts using anti-HCF-1. OGT and HCF-1 were detected in the HCF-1 immunoprecipitate 
(IP) and flow through (FT) by western blot. The nuclear protein PARP1 was used as a negative control. 
Quantification of OGT was done relative to PARP1. (C) Depletion of HCF-1 using shRNA plasmids or 
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siRNA olignucleotide pools induces OGT downregulation. Quantification of OGT or HCF-1 was done 
relative to β-actin. (D) Overexpression of HCF-1 increases OGT protein levels. HeLa cells were 
transfected with HCF-1 FL and 2 days post-transfection, cells were harvested for immunoblotting. (E) 
OGT mRNA is not affected by HCF-1 depletion. U2OS cells mRNAs were isolated and cDNAs were 
quantitated by qRT-PCR relative to GAPDH. shRNA for OGT was included as an internal control. All 
experiments were repeated at least 3 times and the data are presented as mean ± SD. (F) Promoter 
occupancy by HCF-1. ChIP assays were done using U2OS cell chromatin and anti-HCF-1 or IgG 
control. The enrichment of factors was calculated relative to the occupancy of the β-globin promoter. 
All experiments were repeated at least 3 times and data are presented as mean ± SD. 
 
Conversely, overexpression of HCF-1 induced an increase in OGT protein levels (Fig 
2.1D). The reduction in OGT levels in the absence of HCF-1 were not due to a reduction in 
OGT mRNA levels (Fig 2.1E). Moreover, no detectable HCF-1 was found to be associated 
with the OGT promoter (Fig 2.1F). In contrast, HCF-1 was readily detected on the promoter of 
p107 RB family member (Fig 2.1F), a known HCF-1 target gene (Tyagi et al. 2007).  
The above results suggested that HCF-1 regulates OGT stability via a post-
transcriptional mechanism. Since OGT is distributed in both the cytoplasm and the nucleus 
while HCF-1 is primarily localized in the nucleus, we determined whether the nuclear pool of 
OGT was preferentially stabilized by HCF-1. Subcellular fractionation showed that the nuclear 
pool of OGT is significantly reduced relative to the corresponding cytoplasmic pool following 
depletion of HCF-1 (Fig 2.2A). These results were confirmed by immunostaining following 
knockdown of HCF-1 where a significant reduction of nuclear OGT could be observed in the 
HCF-1 depleted cells (Fig 2.2B). To determine whether OGT is regulated by proteasomal 
degradation, we transfected expression plasmids for OGT and ubiquitin, followed by treatment 
with the proteasome inhibitor MG132. After OGT immunoprecipitation, we observed a typical 
ubiquitination smear, which was increased by MG132 treatment (Fig 2.2C). We note that 
MG132 has a minor effect on OGT protein levels. This is due to the relatively long half-life of 
OGT (~ 12 hours) (Marshall et al. 2005). We also observed an increase in the ubiquitination of 
endogenous OGT following extended treatment with MG132 (Fig S2.1). Next, we conducted a 
cycloheximide chase upon HCF-1 knockdown and found that OGT was slightly reduced 
overtime while no change or even a small increase was observed for the shControl transfected 
cells (Fig 2.2D).  
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Figure 2.2 .HCF-1 regulates the stability of OGT.  
Nuclear OGT is preferentially downregulated following HCF-1 depletion (A-B). (A) Biochemical 
fractionation of nuclear and cytoplasmic compartments following HCF-1 knockdown in U2OS. PARP1 
and LDH, which are localized in the nucleus and cytoplasm, respectively, were used as controls for 
fractionation. Quantification of cytoplasmic versus nuclear OGT was done relative to LDH or PARP1, 
respectively. (B) Immunofluorescence detection of OGT in U2OS cells following HCF-1 knockdown. 
(C) OGT is ubiquitinated and regulated by proteasomal degradation. 293T cells were transfected with 
Myc-OGT and HA-ubiquitin (HA-Ub). Two days post-transfection, cells were treated with 20 μM 
MG132 for 4 hours prior to harvesting for immunoprecipitation and western blotting.  (D) OGT protein 
stability is decreased following HCF-1 depletion.  U2OS cells were transfected with HCF-1 shRNA 
plasmids. Three days later, cells were treated with CHX (100 μg/ml) and harvested for western 
blotting. 
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2.3.2 OGT is required for HCF-1 proteolytic processing. 
It was previously reported that OGT interacts with and glycosylates HCF-1 (Wysocka 
et al. 2003), suggesting an important reciprocal regulation. Strikingly, depletion of OGT 
induced an accumulation of the HCF-1 precursor with a corresponding decrease in the HCF-1 
cleavage products (Fig 2.3A). Quantification indicated that  shRNA constructs, which depleted 
OGT to different extents, correlated in an inverse manner with the ratio of HCF-1 cleavage 
products (HCF-1 FL/HCF-1 cleaved forms).  
As expected, the extent of OGT knockdown also correlated with a proportional 
decrease of global O-GlcNAc modification. Transfection of siRNA oligonucleotide pools, 
which induced a substantial knockdown of OGT, also resulted in a significant accumulation of 
HCF-1 FL (Fig 2.3A). OGT knockdown also inhibited HCF-1 cleavage in other cell types 
indicating that this inhibition is not cell-type specific (Fig 2.3A). Conversely overexpression of 
OGT along with HCF-1 FL resulted in: (i) an increase in global protein O-GlcNAcylation 
levels; (ii) a decrease in HCF-1 FL levels; and (iii) an increase in the levels of HCF-1 N and C 
polypeptides (Fig 2.3B). The effect on HCF-1 cleavage was dependent on OGT catalytic 
activity (FigS2.2).  
O-GlcNAc modification is dynamic and cycling is ensured by the concerted action of 
OGT and OGA (Hurtado-Guerrero et al. 2008; Love et al. 2010). We reasoned that 
overexpressed OGA would shift the equilibrium toward O-GlcNAc removal with a 
concomitant effect on HCF-1 cleavage. Although no significant changes were seen on the 
cleaved forms of HCF-1 following overexpression of OGA, a noticeable increase in the level 
of HCF-1 precursor was observed (Fig 2.3C). The decrease of global O-GlcNAc with 
overexpressed OGA was considerably less significant than with OGT RNAi (Fig2 .3C).  
Components of the nuclear pore complex are known to be heavily glycosylated by 
OGT suggesting that O-GlcNAc modification might be required for the nuclear import of 
proteins (Davis and Blobel 1987; Hanover et al. 1987; Jinek et al. 2004). Although not firmly 
established, HCF-1 appears to be cleaved in the nucleus (Wilson et al. 1995). We reasoned that 
depletion of OGT might induce cytoplasmic sequestration of HCF-1 FL from accessing factors 
required for its cleavage in the nucleus. However, in the absence of OGT, most of the HCF-1 
FL is in the nucleus, indicating that the lack of HCF-1 cleavage was not due to a defect in 
nuclear import (Fig 2.3D). To further confirm these results, cells were stained for HCF-1 
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following shRNA knockdown of OGT. While substantial depletion of OGT was achieved, no 
noticeable cytoplasmic accumulation of HCF-1 was observed (FigS2.3). Interestingly, in 
contrast to HCF-1 cleavage, no effect of OGT knockdown was observed on the histone 
methyltransferase and transcription regulator MLL1, which is also subjected to specific 
proteolytic cleavage (Hsieh et al. 2003) (FigS2.4). We concluded therefore that OGT is 
required for HCF-1 cleavage. 
 
2.3.3 OGT interacts with and glycosylates full length HCF-1.  
To investigate the mechanism of HCF-1 maturation, we sought to characterize the 
OGT interaction with HCF-1. First, we cotransfected HA-HCF-1 FL or HA-HCF-1 N (1-
1010aa) with Myc-OGT, and found that significantly more OGT is immunoprecipitated with 
HA-HCF-1 FL than HA-HCF-1 N (Fig S2.5A), suggesting that the major determinants of 
OGT/HCF-1 interaction are contained within HCF-1 sequences that are not present in the 
HCF-1 N protein.  
Next we used the WT or an uncleavable form of HCF-1 mutant (NC) in which the 
critical glutamic acid of each repeat had been mutated to alanine (Vogel and Kristie 2006). 
Immunoprecipitation assays revealed that the uncleavable HCF-1 mutant was even more 
efficient in co-immunoprecipitation of OGT than the WT HCF-1 (Fig S2.5B). These effects 
were also observed following co-expression of HCF-1 WT or the uncleavable mutant with 
OGT. In this case, OGT expression induced processing of the HCF-1 WT but not the HCF-1 
NC mutant (Fig S2.5C). Of note, Myc-OGT was substantially stabilized in cells co-transfected 
with HCF-1 NC accounting partly for the more efficient co-immunoprecipitation. However, 
the ratio of the IP/Input supported the conclusion that OGT interacts more efficiently with the 
uncleaved HCF-1 than the HCF-1 WT (Fig S2.5C). Next, in vitro GST-pull down assays using 
recombinant GST-OGT and various in vitro translated forms of HCF-1 (FL, N and C subunits) 
indicated that the GST-OGT interacts more efficiently (~10 fold) with the HCF-1 precursor 
than the HCF-1 N subunit (Fig S2.6). No interaction was observed with the HCF-1 C (Fig 
S2.6). To determine whether HCF-1 FL is O-glycosylated, we immunoprecipitated HCF-1 and 
found that the precursor reacts with the anti-O-GlcNAc antibody, suggesting that O-
GlcNAcylation of HCF-1 precedes its processing (Fig S2.7). We also note that large C-
terminal fragments corresponding most likely to processing intermediates are O-glycosylated, 
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however the most processed forms of HCF-1 C-terminal subunits appear to be very poorly O-
glycosylated.  
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Figure 2.3. OGT is required for HCF-1 proteolytic cleavage.  
(A) OGT depletion induces accumulation of the HCF-1 precursor with a decrease in the levels of the  
cleaved forms. Cells were transfected with either OGT shRNA or OGT siRNA oligonucleotide pools 
and harvested for western blotting. Quantification of OGT is relative to β-actin. The HCF-1 cleavage 
ratio was estimated by dividing the signal value of the precursor by the sum of the signal values of the 
cleaved forms. (B) Overexpression of OGT promotes HCF-1 cleavage. 293T cells were transfected 
with either pcDNA3 control or Myc-OGT along with HA-HCF-1 FL. Two days post-transfection, cells 
were harvested for western blotting. (C) Overexpression of OGA inhibits HCF-1 cleavage. 293T cells 
were transfected with either pcDNA3 control or Myc-OGA along with HA-HCF-1 FL. Two days post-
transfection, cells were harvested for western blotting. (D) Subcellular fractionation following 
knockdown of OGT. HeLa cells were transfected with OGT shRNA plasmids and harvested for 
fractionation and western blotting. YY1 and GAPDH were used as markers for nucleus and cytoplasm, 
respectively. 
 
2.3.4 OGT interaction with and O-GlcNAcylation of the HCF-1 N-terminal subunit are 
not required for HCF-1 proteolytic cleavage. 
To determine the role of O-GlcNAc in the proteolytic processing of HCF-1, we utilized 
two approaches. We first conducted GST-pulldown assays with subdomains of the HCF-1 N 
subunit and observed that the HCF-1 basic region interacts with OGT (Fig S2.8A). We further 
determined that a region between 500 and 550 aa of HCF-1 is sufficient for this interaction 
(Fig S2.8A). Therefore, we generated a mutant of HCF-1 lacking this domain (Δ500-650 aa) 
(HA-HCF-1 ΔOBM) (FigS2.8B). Interestingly, this mutant was cleaved as efficiently as the 
WT HCF-1 (Fig S2.8C, left panel). Moreover, the interaction of this HCF-1 mutant with OGT 
was almost unchanged in comparison to the WT HCF-1 (FigS2.8C, left panel).  Next, we 
analysed the O-GlcNAcylation levels of this HCF-1 mutant and observed that while a 
significant decrease in the O-GlcNAcylation of the cleaved forms of HCF-1 was evident, there 
was no substantial change in the overall O-GlcNAcylation of the uncleaved FL HCF-1 (Fig 
S2.8C, right panel). The data indicate that neither the interaction of OGT with the N subunit 
nor its O-GlcNAcylation is responsible for the OGT mediated proteolysis of HCF-1. To 
confirm these results, we mutated all of the known O-GlcNAcylation sites located in the HCF-
1 N subunit (Wang et al. 2010) (HA-HCF-1 ΔO-Glc) (Fig S2.8B). Similar to the HCF-1 
ΔOBM mutant, a substantial decrease in HCF-1 O-GlcNAcylation was observed for the 
cleaved forms while no major changes in the O-GlcNAcylation levels of the uncleaved HCF-1 
were seen (Fig S2.8C, right panel). Importantly the extent of HCF-1 cleavage remained 
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essentially similar to the WT form suggesting that O-GlcNAc modification of the basic region 
within the HCF-1 N is not required for processing (Fig S2.8C, left panel).  
2.3.5 OGT interacts with, O-glycosylates, and promotes the cleavage of the PPD. 
To provide further mechanistic insights into the role of OGT in HCF-1 processing, we 
investigated the role of the PPD in promoting the OGT/HCF-1 interaction. First we transfected 
cells with the uncleavable HCF-1 FL (HCF-1 NC) or HCF-1 lacking the PPD (HCF-1 Δ PPD) 
and compared the interaction with OGT.  As shown in Fig 2.4A, the HCF-1 lacking the PPD 
interacted less efficiently (~ 20-fold less) with OGT than the uncleavable form suggesting that 
the PPD is the major OGT-interacting domain. Previously it was demonstrated that the PPD 
was sufficient for cleavage in cells, although it is very poorly processed (Wilson et al. 1995). 
Therefore, we generated PPD expression constructs with and without a Nuclear Localization 
Signal (NLS) (Fig S2.9A).In contrast to the PPD without the NLS (Myc-PPD), which was 
moderately cleaved, the PPD with the NLS (Myc-NLS-PPD) was dramatically cleaved and 
only a faint band of residual uncleaved PPD could be detected (Fig S2.9B). Of note, the Myc-
NLS sequences (~3 kDa) enabled us to detect the smallest cleaved form of the Myc-NLS-PPD 
(PPD repeat 1-2).  
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Figure 2.4. OGT interacts with HCF-1 PPD and mediates its cleavage.  
(A) Interaction of OGT with HCF-1 lacking PPD or HCF-1 FL. 293T cells were transfected with either 
HCF-1 NC V5 or HCF-1 ΔPPD V5. Two days post-transfection, total cell extracts were used for 
immunoprecipitation using an anti-V5. (B) Immunofluorescence localization of PPD with or without a 
nuclear localization signal. U2OS cells were transfected with  either Myc-PPD or Myc-NLS-PPD. Two 
days post-transfection, cells were used for immunostaining using an anti-Myc. (C) Interaction of PPD 
with OGT. 293T cells were transfected with either Myc-PPD or Myc-NLS-PPD. Two days post-
transfection, total cell extracts were used for immunoprecipitation using an anti-Myc. (D) O-
GlcNAcylation of PPD with OGT. 293T cells were transfected with either Myc-PPD or Myc-NLS-PPD 
and Myc-OGT. Two days post-transfection, total cell extracts were used for immunoprecipitation under 
denaturing conditions using an anti-Myc. To ensure the specificity of signal, the O-GlcNAc antibody 
was pre-incubated for 1 H with 1 M of N-acetylglucosamine before being applied to the membrane. (E) 
Overexpression of OGT promotes PPD proteolytic cleavage. 293T cells were transfected with Myc-
PPD along with pCDNA3 or Myc-OGT. Two days post-transfection, total cell extracts were used for 
immunoblotting. 
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As detected by immunofluorescence, the Myc-PPD was distributed in the cytoplasm 
and nucleus (Fig 2.4B). In contrast, the Myc-NLS-PPD accumulated in the nucleus (Fig 2.4B). 
Interestingly, cells expressing Myc-NLS-PPD exhibited a typical pronounced nuclear OGT 
staining (Fig2 .4B), similar to mock transfected cells (Fig 2.2B). However, in cells expressing 
Myc-PPD, OGT was distributed evenly between cytoplasm and nucleus (Fig 2.4B), suggesting 
that this form of the PPD directly interacts with OGT and interferes with its nuclear 
localization. This result was confirmed by subcellular fractionation, i.e., cells expressing Myc-
PPD exhibit significantly higher OGT levels in the cytoplasm (Fig S2.10).  Next, we found 
that the HCF-1 PPD (Myc-PPD) was sufficient to co-IP OGT (Fig 2.4C). In contrast, the 
smallest cleaved form of PPD does not interact with OGT indicating that this set of reiterations 
(R1-2) is not sufficient to mediate the association with OGT. Since the Myc-NLS-PPD appears 
to be dramatically cleaved, we reasoned that this domain might interact with OGT and be a 
target of OGT mediated O-GlcNAcylation  prior to its cleavage. In support of this, the Myc-
PPD was modified by O-GlcNAc in an OGT-dependent manner (Fig 2.4D and Fig S2.11). To 
further characterize the role of OGT in promoting HCF-1 cleavage, we took advantage of the 
PPD without the NLS, which localizes in both cytoplasm and nucleus (Fig 2.4B), interacts 
with OGT, and is moderately cleaved (Fig 2.4C). Following over-expression of OGT, we 
observed a decrease in the levels of both the FL Myc-PPD and the cleavage products (Fig 
2.4E). Conversely, knockdown of OGT induced an accumulation of FL Myc-PPD (Fig S2.12). 
These results indicate that OGT directly promotes the cleavage of the HCF-1 PPD and 
intermediate processing forms. 
 
2.3.6 Depletion of OGT enhances HCF-1 target gene expression.  
Since we observed a significant accumulation of HCF-1 FL in the nucleus following 
depletion of OGT, we first determined whether it associates with chromatin. The 
chromatin/nuclear matrix fraction of HeLa cells was prepared from control and OGT-depleted 
cells and treated with MNase (Sanders 1978). As shown in Fig 2.5A, HCF-1 was  released into 
the soluble fraction following MNase treatment, indicating its association with chromatin.  
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Figure 2.5.Uncleaved HCF-1 associates with chromatin and enhances HCF-1-mediated 
viral gene expression.  
(A) HCF-1 precursor is associated with chromatin. HeLa were transfected with either non-targeting 
control or OGT shRNA plasmids. Three days post-transfection, cells were harvested for cell 
fractionation. The chromatin/nuclear matrix fraction was treated with micrococcal nuclease (MNase) to 
release nucleosomes. Proteins were detected in the soluble and pellet fractions by immunoblotting or 
coomassie blue staining. (B) HFF cells were transfected with control or OGT siRNAs. Three days post 
transfection, cells were infected with 0.1 PFU HSV-1 and harvested for mRNA analysis (top panel) 
and immunoblotting (bottom panel). Levels of control cellular (GAPDH and TBP), OGT, and viral IE 
mRNAs in OGT depleted cells are shown relative to levels in control siRNA transfected cells. All 
experiments were repeated at least 3 times and data are presented as mean ± SD. 
 
Finally, to determine the biological consequences of OGT mediated regulation of HCF-
1 cleavage, we assessed the impact of OGT depletion on HCF-1 mediated gene expression 
using the well characterized model of HCF-1-dependent activation of the herpes simplex virus 
(HSV) IE genes (Kristie et al. 2009). HFF cells transfected with control or OGT siRNAs were 
infected with HSV and the levels of viral and control cellular mRNAs were determined by 
qRT-PCR. As shown in Fig 2.5B, depletion OGT (~80%) resulted in a substantial increase in 
the ratio of HCF-1 precursor to the HCF-1 cleavage products as compared to cells transfected 
with control siRNAs. Importantly, depletion of OGT also resulted in a consistent increase 
69 
 
(~1.5 to 2.5-fold) in viral IE gene expression (Fig 2.5B).  In contrast, no impact was seen on 
expression of the control GAPDH or TBP mRNA levels. As factors such as the Sp1 
transcription factor, a known component of the viral HSV IE gene expression regulatory 
circuit, as well as RNA polymerase II can be regulated by O-GlcNAcylation (Kelly et al. 
1993; Yang et al. 2001), we also analyzed the expression of a set of Sp1 target genes in cells 
depleted of OGT. In contrast to the impact on HSV IE gene expression, we did not detect any 
significant changes in the expression of these Sp1 target genes (Fig S2.13). Thus, although we 
can not exclude possible effects resulting from O-GlcNAcylation of other cellular factors, the 
loss of Sp1 or RNA polymerase II O-GlcNAcylation does not likely account for the observed 
increase in HSV immediate-early gene expression. The results are consistent with previous 
data indicating that the full-length, non-processed form of HCF-1 was more efficient in 
induction of viral IE reporter genes (Vogel and Kristie 2006). 
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2.4  Discussion 
 
Site-specific limited proteolytic cleavage is exploited as a signaling mechanism in 
nearly all living organisms. Moreover, the importance of this post-translational modification is 
emphasized by the fact that, in mammals, numerous physiopathological processes have 
evolved elaborate protein cleavage machineries. 
Mammalian HCF-1 is subjected to proteolytic cleavage via limited site-specific 
proteolysis within unique reiterations of the PPD. Interestingly, C elegans HCF does not have 
a domain homologous to PPD and is not cleaved (Liu et al. 1999). The Drosophila HCF, 
although also cleaved, does not contain cleavage sites homologous to the mammalian HCF-1 
PPD (Mahajan et al. 2003). This suggests that a need developed for HCF-1 proteolytic 
processing, although distinct mechanisms of cleavage have apparently evolved. Indeed, it has 
been shown that the Drosophila HCF is cleaved by the protease taspase 1, while human and 
mouse HCF-1 are cleaved in a taspase 1-independent manner (Capotosti et al. 2007).  
Here, we demonstrate that OGT is required for HCF-1 cleavage. Interestingly O-
GlcNAcylation is shown here to promote proteolytic cleavage, protein phosphorylation also 
impacts proteolytic cleavage by either stimulation or inhibition (Kurokawa and Kornbluth 
2009), thus highlighting the importance of post-translational modifications in tightly 
regulating limited proteolysis. In addition to the previously established role of OGT in 
inhibiting proteasomal degradation via O-GlcNAcylation of the proteasome or its substrates 
(Cheng and Hart 2001; Han and Kudlow 1997; Zhang et al. 2003), we have here uncovered an 
additional role for this enzyme in signalling limited proteolysis. Since both proteolytic 
cleavage and O-GlcNAcylation modulate the function of several transcription regulators, it 
would be interesting to determine whether this crosstalk represents a more global signaling 
event. 
The role of OGT in association with HCF-1 is likely to have several functions. With 
respect to the regulation of HCF-1 cleavage, it is possible that the PPD encodes a dormant 
protease that is stimulated by O-GlcNAcylation, following a significant conformational 
change. This model would provide a level of control that prevents promiscuous and untimely 
autocleavage of HCF-1. Alternatively, O-GlcNAcylation of the PPD may provide a signal for 
71 
 
recruitment of an, as yet unidentified, protease. Importantly, the PPD is not simply a domain 
containing proteolytic cleavage sites but is also a domain that interacts with HCF-1 binding 
partners. OGT mediated O-GlcNAcylation of the PPD or PPD interacting partners could result 
in an enhancement of cleavage via disruption of protective interactions. Thus, OGT-mediated 
cleavage of HCF-1 can provide a mechanism for controlling the dosage and functional 
competency of HCF-1 and its processed subunits. In support of this, depletion of OGT results 
in accumulation of the full-length HCF-1 and a stimulation of HCF-1 dependent 
transcriptional activation of the HSV IE genes.  Finally, an additional implication of the 
interaction of OGT with HCF-1 is the reciprocal impact of HCF-1 on OGT stability. Thus, as 
OGT interacts more efficiently with the HCF-1 precursor, it may therefore modulate its own 
stability. 
In addition to modulating HCF-1 cleavage, OGT is also likely to have additional 
functional roles in association with HCF-1. In addition to its interaction with the HCF-1 PPD, 
OGT also interacts with the basic domain of HCF-1 and remains associated with the cleaved 
HCF-1 subunits. Thus, OGT might modulate HCF-1 interactions with chromatin-associated 
regulators. Notably, OGT is a metabolic sensing enzyme. It would be of continued interest to 
investigate whether changes in metabolic conditions impact HCF-1 processing and/or 
function, which in turn would affect cell growth and cell cycle progression. Thus, as HCF-1 is 
a major regulator of cellular metabolism (Dejosez et al. 2008; Vercauteren et al. 2008), O-
GlcNAcylation of HCF-1 might provide a link between cellular metabolism and cell 
proliferation.  
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2.5  Materials And Methods   
 
2.5.1 Plasmids and Antibodies  
shRNA constructs, expression plasmids, and antibodies used in this study are described 
in supplemental information.  
2.5.2 Cells and virus 
HeLa, U2OS, HFF (human foreskin fibroblast), and 293T cells were maintained 
according to standard protocols.  Infections of HFF cells with HSV-1, cell transfections, and 
western blotting were done as described in supplemental information. 
2.5.3 Immunodepletion and Immunoprecipitation  
Immunodepletion of HeLa nuclear extracts with anti-HCF-1 or control IgG were done 
as described in supplemental information. 
2.5.4 Biochemical fractionation of subcellular compartments  
Nuclear and cytoplasmic fractions were obtained using a hypotonic lysis buffer as 
described (Nakatani and Ogryzko 2003). Chromatin fractions and digestion with MNase were 
conducted as described (Groisman et al. 2003). 
2.5.5 In vitro GST-pulldown assays 
Recombinant GST-OGT fusion protein was purified using glutathione agarose beads 
and used for pull down assays as described in the text and supplemental information.  
2.5.6 Immunofluorescence 
Cells were fixed with paraformaldehyde and stained with the appropriate antibodies as 
detailed in the supplemental information. 
2.5.7 mRNA expression analysis and chromatin immunoprecipitations 
mRNA was prepared according to standard procedures and cDNAs were used for real time 
qRT-PCR analysis of cellular and viral mRNA levels. Chromatin immunoprecipitation (ChIP) 
was done essentially as previously described (Bottardi et al. 2009) with minor modifications as 
described in supplemental information.  
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2.8  Supporting Information 
 
2.8.1 798BSI Materials And Methods  
1249BPlasmids and Antibodies  
1065BshRNA constructs for human OGT or HCF-1 were generated as described previously 
(Sui et al. 2002). The cDNAs of human OGT and OGA were cloned from HeLa cell RNA by 
RT-PCR. GST-OGT was generated by subcloning the OGT cDNA into pGEX-4T1 vector. 
Mammalian constructs to express N-terminal Myc-tagged OGT or OGA were generated by 
subcloning into the pDEST-N-Myc Gateway plasmid (Invitrogen). The Myc-OGT D925A 
catalytic inactive mutant (Clarke et al. 2008) was generated by site-directed mutagenesis. The 
HCF-1 N (1-1010 aa) containing mutations in the O-glycosylation sites (S/T to A) was 
generated by direct gene synthesis (Biobasic Inc), and introduced into pCDNA3 (HA-HCF-1 
FL ΔO-Glc). The HCF-1 lacking the OGT-binding motif (HA-HCF-1 ΔOBM) was generated 
by PCR-based subcloning into pCDNA3. The plasmids pCGN-HCF-1 FL and pCGN-HCF-1 
N1011 were generously provided by Dr. Herr (Wilson et al. 1993; Wilson et al. 2000). The 
Myc-PPD and Myc-NLS-PPD expression constructs were generated by PCR-based subcloning 
of HCF-1 sequence (3028-4305 bp) into pDEST-N-Myc. The expression vectors V5-tagged 
wildype HCF-1 and the uncleavable HCF-1 have been described (Vogel and Kristie 2006). 
The HCF-1 ΔPPD V5 containing a deletion of the PPD (998-1456 aa) was derived from the 
WT HCF-1 (23). A plasmid containing the full length MLL1 was kindly provided by Dr. 
Hsieh (Hsieh et al. 2003). The anti-HCF-1 PPD antibody has been described (Kristie et al. 
1995; Kristie 1997). Additional antibodies were as follows: anti-HCF-1 (A301-400A) and 
anti-MLL1-N300 (A300-086A), Bethyl Laboratories; anti-βactin (MAB1501) and GAPDH 
(MAB374), Millipore; anti-OGT (H300, sc-32921), anti-OGT (A6, sc-74547), anti-ubiquitin 
(P4D1, sc-8017), anti-PARP-1 (F2, sc-8007), anti-YY1 (H10, sc-7341) and rabbit IgG (sc-
2027), Santa Cruz Biotechnology; anti-O-Linked N-Acetylglucosamine (RL2, GTX22739), 
GeneTex; anti-HA (16B12, MMS-101P), anti-c-Myc (MMS-150P), Covance; anti-V5 (SV5, 
ab27671), Abcam. 
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1250BCell culture, RNAi and immunoblotting 
1066BHeLa, U2OS and HEK293T (293T) cells were maintained according to standard 
culture protocols. Cells were transfected with either 5 μg of non-targeting control or RNA 
interference plasmids (shRNA) along with 0.2 μg pBABE puromycin resistance-encoding 
vector using Lipofectamine 2000 (Invitrogen). The transfected cells were selected after 1 day 
by adding 2 µg/ml of puromycin for HeLa and 3 µg/ml for U2OS and 293T, for 2 additional 
days as described (Affar et al. 2006). For siRNA, cells were transfected with either 200 pmol 
of non-targeting control, hOGT (L-019111-00) or hHCF-1 (L-019953-00) siRNAs ON-
TARGETplus SMARTpool (Dharmacon). Three days post-transfection, cells were harvested 
for western blotting. HFF cells were transfected with control or OGT siRNAs. Three days 
post-transfection, cells were infected with 0.1 PFU HSV-1 and harvested for mRNA analysis 
and western blotting. Total cell extracts were prepared in lysis buffer (50 mM Tris-HCl, pH 
7.3; 5 mM EDTA; 50 mM KCl; 0.1% NP-40; 1 mM phenylmethylsulfonyl fluoride (PMSF); 1 
mM dithiothreitol and protease inhibitors cocktail (Sigma), and protein concentration was 
determined by Bradford assay. SDS-PAGE and Western blotting were done according to 
standard procedures. The band signals were acquired with a LAS-3000 LCD camera coupled 
to MultiGauge software (Fuji, Stamford, CT, USA). Densitometric analysis of protein bands 
and radioautographs were done using Gel-Pro Analyzer 3.1 (Media Cybernetics Inc). 
 
1251BImmunodepletion and Immunoprecipitation  
1067BImmunodepletion of nuclear extracts was conducted using HeLa nuclear extracts (~100 
μg of proteins) incubated overnight at 4 ºC with 2 μg of anti-HCF-1 (A301-400A) or control 
IgG in IP buffer (50 mM Tris, pH 7.3; 150 mM NaCl; 5 mM EDTA; 10 mM NaF; 1% Triton 
X-100; 1 mM PMSF and protease inhibitors cocktail (Sigma)). The immuno-complexes were 
collected on protein A agarose beads which were saturated with 1% BSA in IP buffer. 
Immuno-complexes were washed twice with the IP buffer supplemented with 1% BSA. Bound 
proteins were eluted and subjected, along with the flow through fractions, to western blotting. 
Co-immunoprecipitations to determine proteins interactions and O-GlcNAc protein 
modification levels were conducted essentially as described above using 2 mg of total cell 
lysates prepared in lysis buffer (50 mM Tris, pH 7.3; 150 mM NaCl; 5 mM EDTA; 10 mM 
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NaF; 1% Triton X-100; 1 mM PMSF, protease inhibitors cocktail (Sigma) and 10 μM 
PUGNAc (Toronto Research Chemicals). Denaturing immunoprecipitations were done using 
the same lysis buffer containing 300 mM NaCl and 1% SDS. After boiling for 3 mins, the 
samples were diluted 10 fold with the same buffer used above without SDS prior to 
immunoprecipitation. 
 
1068BIn vitro interaction assays 
1069BRecombinant GST-OGT fusion protein was purified using glutathione agarose beads 
(Sigma) and 2 to 3 μg of beads containing bound proteins were incubated with 10 μl of in vitro 
translated methionine-35S labelled HCF-1 (TNT® T7 Quick Coupled Transcription/Translation 
System, Promega) for 6 to 8 hours at 4 ºC in 50 mM Tris, pH 7.5; 50 mM NaCl; 0.02% Tween 
20; 1 mM PMSF and 500 μM dithiothreitol). The beads were extensively washed with the 
same buffer, and bound proteins eluted in Laemmli buffer and subjected to autoradiography or 
western blotting. The primers used for the amplification of HCF-1 fragments used IVT assays 
are provided below. 
 
1070BImmunofluorescence 
1071BCells were fixed for 20 min using 3 % paraformaldehyde in phosphate-buffered saline 
(PBS), permeabilized in PBS containing 0.5 % NP-40 for 20 min. Following incubation in 
blocking solution (PBS containing 0.1% NP-40 and 10% FBS), cells were stained with the 
polyclonal anti-HCF-1 (A301-400A), the monoclonal anti-OGT (A6) or the monoclonal anti-
c-Myc (MMS-150P). Anti-mouse Alexa Fluor® 594 or Alexa Fluor® 488, and Anti-rabbit 
Alexa Fluor® 488 or Alexa Fluor® 594  (Invitrogen) were used as secondary antibodies. 
Nuclei were stained with 4', 6-diamidino-2-phenylindole (DAPI). Images were acquired using 
Leica DMRE microscope, HCX PL APO 63X/ 1.32-0.6 OIL CS objective and Retiga Ex 
(Qimaging) camera. 
 
1072BmRNA expression analysis 
1073BRNA was prepared using Trizol reagent (Invitrogen) and the RNeasy kit (QIAGEN). 
Total mRNA was used for reverse transcription using the Superscript III reverse transcriptase 
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and oligo(dT)12-18 primers (Invitrogen). The obtained cDNAs were subjected to Real time PCR 
using SYBR Green detection kit (Invitrogen) to determine levels of individual mRNAs. PCR 
was conducted on an iCycler iQ apparatus (Bio-Rad). The primers used are listed below. 
 
1074BChromatin immunoprecipitation analysis 
1075BChromatin immunoprecipitation (ChIP) experiments were done essentially as 
previously described (Bottardi et al. 2009) with the following modifications. U2OS cells (5 X 
106) were incubated with EGS (ethylene glycolbis [succnimidyl succinate], Sigma-Aldrich) as 
described (Nowak et al. 2005; Zeng et al. 2006) and were cross-linked with 1% formaldehyde 
in PBS for 10 min. Following quenching with glycine, cells were scraped in cold PBS, washed 
with buffer A (50 mM Tris-HCl, pH 8.0; 0.1% NP40; 2 mM EDTA; 10% glycerol; 1 mM 
PMSF and protease inhibitors cocktail, Sigma) and then sonicated in Buffer B (50 mM Tris-
HCl, pH 8.0; 1% SDS; 10 mM EDTA; 1 mM PMSF and protease inhibitors cocktail). After 
centrifugation and pre-clearing, the suspension was incubated with anti-HCF-1 (A301-400A) 
or an IgG control. DNA was purified from immunocomplexes and quantitated by qPCR using 
the 2– CT method, where CT is calculated as follows: (ChIP CT– input CT of the control 
antibody) – (ChIP CT – input CT of the target antibody). The results are shown as a ratio of 
target gene promoter to a reference gene promoter. The primers are listed below. 
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2.8.3 800BSI Figures 
 
 
 
 
 
 
 
 
 
 
 
722BFigure S2.1. Endogenous OGT is ubiquitinated and degraded by the proteasome. 293T 
cells were treated with 20 µM MG132 for 10 hours. Denatured whole cell extracts were used to 
immunoprecipitate OGT which was subjected to immunoblotting with the indicated antibodies. 
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723BFigure S2.2. OGT regulates HCF-1 cleavage in catalytic activity-dependent manner. 
682B 93T cells were transfected with HA-HCF-1 FL expression plasmid along with  pCDNA3, Myc-OGT or Myc-
OGT D925A. Two days post-transfection, total cell extracts were used for immunoblotting with the indicated 
antibodies. 
 
 
 
 
 
 
 
 
 
 
 
 
724BFigure S2.3.Depletion of OGT does not interfere with HCF-1 nuclear import. 
683BImmunofluorescence detection of HCF-1 following knockdown of OGT. U2OS cells were transfected with either 
non-targeting control or OGT shRNA plasmid for 3 days prior to fixation and immunostaining. Arrows indicate 
cells depleted for OGT. 
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725BFigure S2.4. OGT is not required for proteolytic cleavage of mixed lineage 
leukaemiaMLL1. 
684B(A)HeLa cells were transfected with either non-targeting control or OGT shRNA plasmids. Three days post-
transfection, cells were harvested for immunoblotting.(B) HeLa cells were transfected with either non-targeting 
control or OGT shRNA plasmids along with Flag-MLL1 expression plasmid. Three days post-transfection, cells 
were harvested for western blotting. 
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726BFigure S2.5. OGT interacts more efficiently with the HCF-1 precursor. 
685B(A) Interaction of OGT with HCF-1 N subunit or HCF-1 FL. HeLa cells were transfected with either 
HA-HCF-1 FL or HA-HCF-1 N (1-1010 aa) along with Myc-OGT. Two days post-transfection, total 
cell extracts were used for immunoprecipitation using anti-HA and immunoblotting using the indicated 
antibodies. The efficiency of interaction was determined by densitometry quantification of OGT in the 
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IP fraction versus OGT in the input cell extract for each condition. Note that transfected cells with both 
Myc-OGT and HCF-1 show a substantial increase in the levels of transfected OGT. In contrast, the 
signal of endogenous OGT is not significantly changed between control and HCF-1 conditions as the 
ratio of non-transfected cells versus transfected cells is high. (B) Interaction of OGT with uncleaved 
HCF-1 or HCF-1 FL. 293T cells were transfected with either HCF-1 FL V5 or HCF-1 NC V5 and used 
for immunoprecipitation using anti-V5. The efficiency of interaction was determined as in panel A. (C) 
Interaction of overexpressed OGT with uncleaved HCF-1 or HCF-1 FL. 293T cells were transfected 
with either HCF-1 FL V5 or HCF-1 NC V5 expression plasmids along with Myc-OGT. Two days post-
transfection, total cell extracts were used for immunoprecipitation using an anti-V5. The 
immunocomplexes were subjected to western blotting. The efficiency of interaction was determined as 
in panel A. We note that: (i) large HCF-1 fragments containing portions of PPD interact more with 
OGT than HCF-1 N terminal subunit (ii) the uncleaved full length HCF-1 containing intact PPD 
interacts more efficiently with OGT than HCF-1 cleaved fragments. 
 
686BFigure S2.6. Interaction in vitro between OGT and HCF-1 FL, HCF-1 N or HCF-1 C subunits. 
 687B(A) Schematic representation of primers design for IVT of HCF-1 fragments. (B) HCF-1 full length 
interacts more efficiently with OGT than HCF-1 cleaved fragments. GST-tagged OGT bound to GSH 
beads was incubated with various fragments of in vitro translated 35S labeled-HCF-1 for 8 hours. 
Following extensive washes, the bead-associated complexes were analyzed by coomassie blue staining 
for GST-OGT and autoradiography for HCF-1. The efficiency of interaction was determined by 
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densitometry quantification of OGT in the pull down fraction versus OGT in the input fraction for each 
interaction. These in vitro studies indicate that OGT interacts with the N-terminus subunit of HCF-1. 
We note that the full-length HCF-1 (with intact PPD) interacts more strongly with OGT comparatively 
to HCF-1 N subunit. 
 
 
 
 
 
 
 
 
 
 
 
 
 
727BFigure S2.7. The HCF-1 precursor is O-glycosylated 
1076BU2OS cell extracts were used for immunoprecipitation under denaturing conditions with an anti-HCF-1 C-
terminal antibody. The immunocomplexes were used for western blotting with the indicated antibodies. 
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728BFigure S2.8. HCF-1 N-terminal subunit interaction with OGT or its O-GlcNAcylation 
are not required for HCF-1 proteolytic cleavage.  
688B(A) Identification of OGT-binding domain in HCF-1 N. GST-tagged OGT bound to GSH beads was incubated 
with various fragments of in vitro translated 35S labeled-HCF-1. The bead-associated complexes were analyzed 
by coomassie blue staining for GST-OGT and HCF-1 was analyzed by autoradiography. (B) Schematic 
representation of the S/T O-GlcNAcylation residues mutated in HCF-1 (HA-HCF-1 ΔO-Glc) and the deleted 
OGT-binding motif OBM in HCF-1 (HA-HCF-1 ΔOBM). (C) O-GlcNAcylation status, proteolytic processing 
and interaction of HCF-1 mutants with OGT. 293T cells were transfected with HA-HCF-1 WT, HA-HCF-1 
ΔOBM or HA-HCF-1 ΔO-Glc. Two days post-transfection, cells were harvested for immunoprecipitation using 
an anti-HA. We note that O-glycosylation of HCF-1 N subunit does not appear to play a role in HCF-1 cleavage 
since (i) mutation of multiple glycosylation sites in the N-terminal subunit or (ii) deletion of the OGT-interacting 
motif in this subunit does not affect HCF-1 maturation. Thus the N-terminal subunit, although it provides a 
distinct domain of interaction with OGT, is dispensable for HCF-1 cleavage. It remains possible that the 
interaction of the HCF-1 N-terminal subunit with OGT is important for other HCF-1 functions that are distinct 
from the role of OGT in HCF-1 proteolytic processing. 
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729BFigure S2.9.Expression of HCF-1 PPD with or without a nuclear localization signal.  
689B(A) Schematic representation of human HCF-1 showing the PPD with the designed constructs.(B) 293T cells 
were transfected with either Myc-PPD or Myc-NLS-PPD expression plasmids. Two days post-transfection, total 
cell extracts were used for immunoblotting with anti-Myc antibody. NS, non specific band. 
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730BFigure S2.10. HCF-1 PPD stabilizes OGT in the cytoplasm.  
690B293T cells were transfected with Myc-PPD or Myc-NLS-PPD expression plasmids along with Myc-OGT 
expression plasmid. Forty-eight hours later, cells were homogenized using a dounce homogenizer to separate 
cytoplasm and nuclei. Homogenates was centrifuged at 3500 g for 15 min, and the cytoplasmic fraction 
(supernatant) and nuclear fraction (pellet) were collected. Fractions were subjected to immunoblotting with the 
indicated antibodies. PARP1 and LDH, which are localized in the nucleus and cytoplasm, respectively, were used 
as controls for fractionation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
731BFigure S2.11. O-GlcNAcylation of HCF-1 PPD is dependent on OGT. 
1077B293T cells were transfected with Myc-PPD or Myc-NLS-PPD expression plasmids along with OGT expression 
plasmid or pCDNA3. Forty-eight hours later, extracts of the cells were subjected to IP in denaturing conditions 
with anti-Myc antibody. Samples were analyzed by immunoblotting with the indicated antibodies. 
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732BFigure S2.12. RNAi of OGT inhibits cleavage of HCF-1 PPD. 
1078BHeLa cells were transfected with the indicated shRNA constructs along with Myc-PPD plasmid and pBABE-
puro. The next day, the cells were selected with 2 μg/ml of puromycin for 48 hours. Following selection, the cells 
were harvested and subjected to immunoblotting with the indicated antibodies. 
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733BFigure S2.13. Depletion of OGT does not affect Sp1 target gene expression. 
691BHFF cells were transfected with control or OGT siRNAs. Three days post transfection, cells were infected with 
0.1 PFU HSV-1 and harvested for mRNA analysis. Levels of Sp1 target gene mRNAs in OGT-depleted cells are 
shown relative to levels in control siRNA transfected cells. All experiments were repeated at least 3 times and 
data are presented as mean ± SD. 
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1085BIntroduction à l’article : 
 
1086BDans ce chapitre 3, nous élaborons les résultats qui se rattachent à l’objectif 2 de la thèse. 
1087BComme la OGT est un partenaire intégral de BAP1 et que de nombreux régulateurs 
transcriptionnels y compris les enzymes de modification de la chromatine, les facteurs et co-
facteurs de transcription sont des cibles de la O-GlcNAcylation, indiquant que cette 
modification est centrale pour les processus associés à la chromatine, nous nous sommes 
demandés si la O-GlcNAcylation et la déubiquitination de H2Aub peuvent collaborer pour 
coordonner des évènements cellulaires au niveau de la chromatine.  
1088BRécemment, il a été reporté que les histones sont modifiées par O-GlcNAcylation, 
suggérant un rôle potentiel de cette modification dans la coordination de la structure et la 
fonction de la chromatine. En revanche, en ayant recours à l'utilisation de plusieurs approches 
biochimiques, nous rapportons que la O-GlcNAcylation des histones n’est pas détectable dans 
les cellules de mammifères. 
1089BNotre présente étude soulève des doutes quant à l'occurrence et l'abondance de la O-
GlcNAcylation comme une modification des histones dans les cellules de mammifères et 
révèle des complications techniques concernant la détection spécifique de la O-
GlcNAcylation. 
 
1090BContribution: Ma contribution comme co-premier auteur a consisté à la conception et la 
réalisation de 50% des expériences de l’article ainsi qu’à la préparation des figures, 
l’interprétation des résultats et la rédaction du manuscrit. 
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3.1 Abstract  
 
1091BO-GlcNAcylation is a post-translational modification catalyzed by the O-Linked N-
acetylglucosamine (O-GlcNAc) transferase (OGT) and reversed by O-GlcNAcase (OGA). 
Numerous transcriptional regulators including chromatin modifying enzymes, transcription 
factors and co-factors are targeted by O-GlcNAcylation indicating that this modification is 
central for chromatin-associated processes. Recently, OGT-mediated O-GlcNAcylation was 
reported to be a novel histone modification, suggesting a potential role in directly coordinating 
chromatin structure and function. In contrast, using multiple biochemical approaches, we 
report here that histone O-GlcNAcylation is undetectable in mammalian cells. Conversely, O-
GlcNAcylation of the transcription regulators Host Cell Factor-1 (HCF-1) and the Ten-Eleven 
Translocation protein 2 (TET2) could be readily observed. Our study raises questions on the 
occurrence and abundance of O-GlcNAcylation as a histone modification in mammalian cells 
and reveals technical complications regarding the detection of genuine protein O-
GlcNAcylation. Therefore, the identification of the specific contexts in which histone O-
GlcNAcylation might occur is still to be established.  
 
3.2  Introduction 
 
 1092BO-GlcNAcylation is a widespread post-translational modification corresponding to the 
addition of a single O-Linked N-acetylglucosamine (O-GlcNAc) moiety to nuclear and 
cytosolic proteins.292,293,301 Similar to other post-translational modifications, O-GlcNAcylation 
regulates protein function by influencing protein-protein interactions, enzymatic activity and 
sub-cellular localization.320,411 In mammals, this modification is coordinated by two enzymes, 
the O-Linked β-N-acetylglucosamine transferase (OGT) which catalyzes the attachment of the 
O-GlcNAc moiety on serine and threonine residues of target proteins, while the O-GlcNAcase 
(OGA) ensures its removal through hydrolysis.412,413 O-GlcNAcylation signaling is dependent 
on the availability of the donor substrate, Uridine Diphosphate N-Acetylglucosamine (UDP-
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GlcNAc), which is produced via the Hexosamine Biosynthetic Pathway.321 O-GlcNAcylation 
is a highly dynamic modification, being regulated by a plethora of intracellular and 
extracellular cues, including growth factor signaling, fluctuation of nutrient levels, as well as 
stress responses.319,411,414 Indeed, O-GlcNAcylation signaling acts as a metabolic sensor that 
links changes in the cellular metabolism to downstream regulation of numerous cellular 
pathways.320,325,334 Moreover, recent studies have shown that direct competition between 
phosphorylation and O-GlcNAcylation can occur for the same amino acid residue, thus adding 
another layer of complexity to the outcome and regulation of this post-translational 
modification.360,415 The physiological importance of O-GlcNAcylation is further emphasized 
by the fact that defects in its regulation have been associated with human pathologies such as 
diabetes, neurodegenerative diseases and cancer.308,328,329,331,416  
 1093BO-GlcNAcylation signaling was proposed to play important roles in regulating the 
epigenome.292,340 Indeed, several transcriptional regulators and chromatin-modifying enzymes 
are modified by O-GlcNAcylation, thus impacting their recruitment to chromatin, assembly 
into functional transcription regulatory complexes, stability and activity.302,341,343,353 For 
instance, we and others have identified a non-canonical mechanism of OGT-mediated 
transcriptional regulation which involves the O-GlcNAcylation of the Host Cell Factor 1 
(HCF-1) transcriptional regulator inducing its proteolytic maturation.275,283,284  
 1094BRecent studies have also reported that histones are modified by O-GlcNAcylation, 
suggesting an interesting possibility of crosstalk with other well-established histone 
marks.21,356,357 Moreover, it was suggested that the methylcytosine dioxygenase Ten Eleven 
Translocation 2 (TET2) enzyme directly interacts with OGT to stimulate histone H2B S112 O-
GlcNAcylation (H2B S112O-GlcNAc) and gene expression.351 Several methods were used to 
detect histone O-GlcNAcylation, including mass spectrometry, immunodetection with O-
GlcNAc-specific antibodies and affinity binding to Wheat Germ Agglutinin lectin 
(WGA).20,21,415 However, discrepancies regarding the occurrence and the identity of the 
histones being modified were also reported. For instance, some studies suggested that histones 
H2A and H2B might be the principal targets for O-GlcNAcylation while others have shown 
that histone H3 would be the main substrate.20,357,360,415 Upon further characterization, it was 
reported that histone H2B S112 O-GlcNAcylation promotes H2B monoubiquitination on 
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lysine 120 (H2B K120ub), an event associated with transcriptional activation.20,359 On the 
other hand, histone H3 serine 10 was also reported to be O-GlcNAcylated, and this appears to 
compete with the phosphorylation of this site as well as modulate the transcriptional state of 
chromatin.360,415 Other O-GlcNAcylation sites were reported within the globular domains of 
histones suggesting that they may function in maintaining higher-order chromatin structure.357 
Strikingly, during our investigation on the role of OGT in chromatin function; we were unable 
to reproduce the previous findings regarding histone O-GlcNAcylation in mammalian cells, 
whereas modification of other known OGT substrates was readily detected. Our results raise 
questions about the occurrence of histone O-GlcNAcylation and its proposed function in 
chromatin regulation. 
3.3  Results & discussion 
 
3.3.1 801BUndetectable histone O-GlcNAcylation using various extraction techniques. 
1095BOGT interacts with the TET family of methylcytosine dioxygenase enzymes, notably 
TET2, which appear to be required for the chromatin association of OGT and this was 
suggested to promote histone O-GlcNAcylation.351,352 To further investigate the potential 
biological significance of histone O-GlcNAcylation, we initially sought to reproduce 
previously published results on the modification of histones H2B and H2A.20,21,351,359,415 We 
co-expressed Flag-H2B or Flag-H2A with either Myc-OGT or the D925A catalytic inactive 
mutant (Myc-OGT CD).314 Coexpression of Myc-TET2 with Myc-OGT was also included 
since their association was expected to significantly increase OGT-mediated histone O-
GlcNAcylation.351,354 We conducted an immunoprecipitation of Flag-H2B or Flag-H2A under 
denaturing conditions to determine their potential O-GlcNAcylation levels by using the widely 
employed anti-O-GlcNAc antibodies RL2 and CTD110.6 (Figure 3.1 and Figure S3.1). We did 
not detect a specific signal at the molecular weight region corresponding to histones Flag-H2B 
or Flag-H2A using the two anti-O-GlcNAc antibodies. However, using similar conditions, we 
were able to detect HCF-1 and TET2 O-GlcNAcylation, two known substrates of OGT (Figure 
S3.2).275,353 Of note, as expected, OGT-mediated HCF-1 proteolytic cleavage also confirmed 
the activity of OGT in our co-transfection conditions (Figure S3.2).275,283,284 Next, using the 
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same transfection conditions indicated above, we performed several established extraction 
methods in order to enrich endogenous histones for O-GlcNAcylation detection. Chromatin 
and Histones were isolated using both high salt extraction/detergent (300 mM NaCl- 1% NP-
40) (Figure 3.2A and Figure S3.3A) and acid extraction (0.2 N HCl) (Figure 3.2B and Figure 
S3.3B) methods, respectively. First, immunoblotting with RL2 or CTD110.6 antibodies was 
conducted on the soluble fractions to detect global O-GlcNAcylation levels (Figure 3.2 and 
Figure S3.3, Left panels). As expected, we observed an increase of cellular O-GlcNAcylation 
levels following OGT overexpression. However, chromatin fractions revealed faint signals 
between 10 and 20 kDa when the blots probed with RL2 antibody were overexposed.  On the 
other hand, the CTD110.6 antibody occasionally produced more pronounced signals at the 
levels of histones (Figure 3.2 and Figure S3.3 Right panels). Overall, we did not observe 
increasing signals following overexpression of OGT or TET2, regardless of the O-GlcNAc 
antibody used, the quantity of proteins loaded or the method of extraction performed (Figure 
3.2 and Figure S3.3). On the other hand, upon OGT overexpression, we detected increased O-
GlcNAcylation of certain chromatin-associated proteins corresponding to bands ≥ 37 kDa. 
Based on these results, we concluded that the faint and inconsistent signals produced between 
10 and 20 kDa by the RL2 or CTD110.6 antibodies are not indicative of histone O-
GlcNAcylation.  
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4BFigure 3.1. Undetectable Histone O-GlcNAcylation following OGT and TET2 
overexpression.  
692B(A) HEK293T cells were transfected with Flag-H2B along with pcDNA3 empty vector, Myc-OGT or 
Myc-OGT catalytic dead (CD), as well as Myc-TET2 alone or in combination with Myc-OGT. Three 
days post-transfection, cells pellets were harvested and immunoprecipitation (Flag-IP) following 
protein denaturation was conducted to obtain purified Flag-H2B. The immuno-purified histones were 
subjected to western blotting analysis using the indicated antibodies. Dots indicate Myc-OGT and 
endogenous OGT (eOGT).  
3.3.2 1096BModulation of O-GlcNAc levels does not result in the detection of specific histone 
O-GlcNAcylation  
 
1097BWe reasoned that if the signals detected by RL2 or CTD110.6 around 10-20 kDa 
correspond to histone O-GlcNAcylation, then it might be possible to modulate these signals by 
depleting endogenous OGT. Thus, we conducted siRNA knockdown of OGT in U2OS cells 
and performed cellular fractionation to separate the soluble and histone-containing chromatin 
fractions. As shown in figure 3.3A (Right panel), the signals detected with RL2 or CTD110.6 
antibodies around 10-20 kDa, did not decrease following OGT depletion suggesting that these 
signals are unspecific. In contrast, using both antibodies, we detected a significant decrease in 
global O-GlcNAcylation in the soluble fraction upon siRNA treatment (Figure 3.3A, Left 
panel). Again, we noted that while the signal obtained with RL2 antibody in the 10-20 KDa 
region can be seen only upon overexposure of the membrane, the CTD110.6 antibody 
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produced a much more readily detectable signal in this region. As RL2 and CTD110.6 are 
respectively IgG and IgM isotypes, we sought to determine if the signal detected at the level of 
histones with CTD110.6 could be due to the peroxidase-coupled secondary anti-IgM antibody. 
1098BThis is particularly relevant as high quantities of histones were probed with anti-O-
GlcNAc antibodies. Thus, we incubated the blots with a non-relevant anti-rhodamine IgM 
antibody prior to incubation with the same anti-IgM antibody or with this secondary antibody 
alone (Figure 3.3A, Right panel). Interestingly, both combinations displayed a similar signal 
pattern as that obtained using the CTD110.6, suggesting that the non-specific signal originates 
from the combination of secondary anti-IgM antibody and high protein density of histone 
bands. In addition, probing the membranes with a non-relevant anti-BAP1 antibody also 
resulted in background signals at molecular weights corresponding to histone bands (Figure 
3.3A, Right panel). These data indicate that the high abundance of histones present on 
membranes renders the detection of O-GlcNAcylation amenable to false-positive 
immunoblotting signals. Of note, previous studies questioned the specificity of CTD110.6 
towards O-GlcNAc and revealed cross-reactivity with N-GlcNAc2-modified glycoprotein and 
GlcNAcylated O-mannose modified proteins.417,418 Consequently, we used the RL2 antibody 
to continue our investigation since it was not shown to cross react with other GlcNAc 
modifications. Nonetheless, our data suggested that the faint signal obtained with RL2 
corresponds to a non-specific background caused by high amounts of histones. To further 
support our data, we extracted endogenous histones from HeLa cells for comparison with 
purified yeast H2B (yH2B) and recombinant human H2B (hH2B) produced in bacteria. We 
reasoned that if the faint signal produced by RL2 corresponds to histone O-GlcNAcylation, 
then this signal should not be detected for histones purified from yeast or bacteria which are 
not O-GlcNAcylated. We observed that the RL2 antibody produced low signals following 
overexposure of the blot, and these signals increased proportionally with the amount of 
histones loaded, irrespective of the species from which the histones were isolated (Figure S3.4, 
panels A, B). Next, we conducted competition assays and found that, as expected, N-
Acetylglucosamine (GlcNAc) inhibited RL2 binding to high molecular weight O-
GlcNAcylated proteins present in the soluble fraction or associated with the chromatin fraction 
(Figure S3.4C). However, GlcNAc also strongly reduced the signal produced by RL2, in the 
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region of histone bands, for both mammalian chromatin and recombinant human H2B (Figure 
S3.4C). These results are not surprising as a non-specific and low affinity binding of the RL2 
antibody to histone fraction could also be potentially blocked by GlcNAc. Thus, these results 
further suggest that the RL2 antibody recognizes non-specifically antigenic determinants on 
histones through its paratope. 
1099BTo further investigate potential histone O-GlcNAcylation, we sought to determine if 
inhibiting O-GlcNAcase (OGA), the enzyme responsible for O-GlcNAc removal, with O-(2-
acetamido-2-deoxyglucopyranosylidene) amino N-phenylcarbamate (PUGNAc) would 
increase the signal of histone O-GlcNAcylation above background levels. Treatment of HeLa 
and HEK293T cells with PUGNAc promoted the accumulation of O-GlcNAcylated proteins 
but not of the background signal at the level of histones (Figure 3.3B, Left and Right panel). 
We also conducted a nutrient starvation in C2C12 myoblasts, and analysed global protein and 
potential histone O-GlcNAcylation. As expected, AMPK phosphorylation progressively 
increased and decreased with starvation and medium replenishment (R) respectively (Figure 
3.3C, Left panel).86 We observed that while chromatin-associated high molecular weight 
protein O-GlcNAcylation was reduced upon starvation, only weak and inconsistent 
background signals were detected for histones (Figure 3.3C, Right panel). 
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735BFigure 3.2. Undetectable histone O-GlcNAcylation following various extraction 
procedures.  
693B(A) HEK293T cells were transfected with Flag-H2B along with either pcDNA3 empty vector, Myc-OGT, Myc-
OGT catalytic dead (CD) or Myc-TET2, as well as the combination of Myc-OGT with Myc-TET2. Three days 
post-transfection, cells pellets were collected for subsequent high salt/detergent extraction and cellular extracts 
were then analysed by western blotting with the indicated antibodies. (Left panel) Soluble fraction showing 
global increase of O-GlcNAcylation following OGT overexpression. (Right panel) Immunodetection of histone 
O-GlcNAcylation by RL2 and CTD110.6 antibodies on chromatin fraction. β-Actin and histone H3 were used as 
loading controls. (B) HEK293T cells were transfected as in (A). Three days post-transfection, cells were 
harvested and histones were extracted. The samples were analysed by western blotting with the indicated 
antibodies. (Left panel) Soluble fraction showing global O-GlcNAcylation levels. (Right panel) Histones fraction 
detected with both RL2 and CTD110.6 anti-O-GlcNAc antibodies. Coomassie Brilliant Blue staining indicates 
abundance of histones loaded. Histone H3 was use as a loading control. Dots indicate Myc-OGT and endogenous 
OGT (eOGT). kDa; Molecular weight marker in Kilodalton. 
 
1100BTaken altogether, our results indicate that the immunoblot signal detected by RL2 in 
the region corresponding to histones, is a non-specific O-GlcNAcylation-independent 
background signal. 
3.3.3 1101BHistone O-GlcNAcylation was undetectable in different cell lines and during cell 
cycle progression.  
 
1102BAlthough our data did not reveal constitutive histone O-GlcNAcylation, we could not 
exclude that this post-translational modification might occur on histones in specific cell types. 
Thus, we investigated potential histone O-GlcNAcylation in a variety of previously used cell 
lines including mouse Embryonic Fibroblast (MEF) as well as mouse Embryonic Stem Cells 
(mESCs).351,354,359 We also included the mouse pre-adipocyte 3T3-L1 cell line often used in 
differentiation studies as well as several multiple myeloma cell lines, RPMI8-226, JJN-3, NCI-
H292 cells, that we had in culture at the time of our investigation. We find that this cell line 
panel is representative of multiple tissue-origins as well as primary and cancer cells. When 
immunoblotting the insoluble chromatin fraction for O-GlcNAcylation, we detected a very 
faint signal at the level of histones (Figure 3.4A, Top panel). This signal, obtained only 
following extended exposure of the blot, does not correlate with the cell-specific levels of 
endogenous O-GlcNAcylation detected for high molecular weight proteins. Instead, by 
probing total H2A levels, it can be noticed that the RL2 signal follows the trend of histones 
abundance (Figure 3.4A, Bottom blot).  
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736BFigure 3.3. Modulation of O-GlcNAcylation does not result in detectable histone O-
GlcNAcylation.  
694B(A) U2OS cells were transfected twice with OGT siRNA and three days post-transfection, cells were harvested. 
Chromatin fraction was isolated and protein levels were analysed by western blotting with the indicated 
antibodies. (Left) U2OS soluble fraction showing OGT depletion and decrease of global O-GlcNAcylation levels. 
YY1 was used as a loading control. (Right) Chromatin fraction showing O-GlcNAcylation background detection 
of histones using various antibodies. (B) HeLa and HEK293T cells that were treated with 100 µM PUGNAc for 
0, 9 and 24 hours. The soluble and chromatin fractions were blotted with RL2 antibody. Histone H3 and tubulin 
were used as loading controls. (C) C2C12 mouse myoblast cell line were starved by incubation in HBSS buffer, 
and harvested at the indicated times for cellular fractionation. R; 4 hours of starvation followed by 2 hours of 
replenishment with complete culture medium. (Left) Western blot analysis of the soluble fraction showing 
increasing levels of phosphorylated AMPKα (α-p-AMPKα) as a control of the starvation treatment. Tubulin was 
used as a loading control. (Right) The chromatin fraction was analysed by western blotting using the indicated 
antibodies. Histone H3 was used as a loading control and Coomassie Brilliant Blue staining indicates the 
abundance of histones loaded. kDa; Molecular weight marker in Kilodalton. 
 
1103BTo further determine whether histone O-GlcNAcylation might be enriched in a specific 
phase of the cell cycle, U2OS cells were synchronized at the G1/S boundary with a double 
thymidine block and released to progress through the cell cycle.419 These cells were also 
treated with the CDK1 inhibitor (RO-3306) to enrich for late G2 cells (Figure 3.4B, Top 
panel).420 The chromatin fraction was isolated from cells at different phases of the cell cycle 
and histone O-GlcNAcylation was monitored by western blotting using the RL2 antibody. We 
noticed the expected faint signal at the level of histones and that this signal did not change 
during cell cycle progression. However, high molecular weight chromatin-associated proteins 
show significantly increased O-GlcNAcylation at G1/S transition. Therefore, we concluded 
that fluctuating histone O-GlcNAcylation could not be observed during cell cycle. Moreover, 
along with our previous data, these results strengthen the notion that the signal detected by 
RL2 at the level of histones following blot overexposure corresponds to background.  
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737BFigure 3.4. Unspecific signal detected at the level of histones in various cell lines and 
during cell cycle progression.  
695B(A) Various cell lines were cultured and harvested to perform chromatin extraction. The chromatin fraction was 
analysed by western blotting with the indicated antibodies. Total histone H2A was used as a loading control. Dots 
indicate endogenous H2A ubiquitination (eH2Aub) and total H2A (eH2A). (B) Histones O-GlcNAcylation 
analysis of synchronized U2OS cells. Cells were blocked in G1/S boundary by double thymidine block (DTB) 
and then released to progress through the cell cycle. U2OS cells were also treated with the CDK1 inhibitor, RO-
3306, for 24 hours to block cells in late G2. Cells were harvested at the indicated times for FACS analysis (Upper 
panel) and for chromatin extraction (Bottom panel). The chromatin fraction was analysed by western blotting 
with the indicated antibodies and by Coomassie Brilliant Blue staining. Histone H3 was used as a loading control. 
NS; Non-Synchronized, DTB; Double Thymidine Block. kDa; Molecular weight marker in Kilodalton. 
 
3.3.4 1104BLack of evidence supporting H2B S112 O-GlcNAcylation and its link with H2B 
Lys120 monoubiquitination 
 
1105BIt was reported that H2B S112 is O-GlcNAcylated (H2B S112O-GlcNAc), an event that 
appears to promote the monoubiquitination of H2B Lys120 (H2B K120ub) thus coordinating 
gene expression.20   It was also described that AMPK-mediated OGT Thr444 phosphorylation 
hindered its ability to associate with chromatin, and this was shown to reduce the reported 
H2B S112O-GlcNAc signal.411 In turn, this effect was proposed to inhibit monoubiquitination 
of H2B K120, thus repressing gene expression in MEF cells.359 As an anti-O-GlcNAcylated 
H2B S112 is commercially available359, we first inquired about the specificity of this antibody. 
Since H2B S112O-GlcNAc was shown to decrease dramatically following knockdown of 
OGT by RNAi, we used a similar approach to deplete OGT by siRNA in HeLa cells (Figure 
3.5A).20,359 As expected, OGT knockdown resulted in the accumulation of the precursor form 
of HCF-1, as its proteolytic maturation is O-GlcNAcylation-dependent (Figure 3.5A, Left 
panel).275,283,284. 
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738BFigure 3.5. H2B S112O-GlcNAc antibody is not specific and S112 O-GlcNAcylation is not 
linked to H2B K120 monoubiquitination.  
696B(A) HeLa cells were transfected twice with OGT siRNA and three days post-transfection, cells were harvested to 
perform cellular fractionation. Protein levels were analysed by western blotting with the indicated antibodies. 
HeLa soluble fraction was analysed for HCF-1 proteolytic cleavage. YY1 was used as a loading control (Left 
panel). Chromatin fraction was analysed for H2B S112O-GlcNAc and H2B K120ub levels (Right panel). (B) 
HEK293T cells were transfected with Flag-H2B or Flag-H2B S112A. Three days post-transfection, cells were 
harvested and total cell lysates were subjected to protein denaturation and immunoprecipitation (IP) using α-Flag 
antibody. Input as well as IP fractions were subjected to immunoblotting analysis using the indicated antibodies. 
Arrows indicate Flag-H2B and endogenous H2B (eH2B). Tubulin was used as a loading control for the input 
fraction. (C) Relative quantification of eluted purified recombinant histones detected by Coomassie Brilliant Blue 
staining. Known amounts of BSA protein were used as standards for relative quantification (Top panel). 
Increasing amounts of recombinant His-hH2B, His-hH2B S112A mutant, GST-H2A as well as chromatin extract 
from HEK293T cells were analysed by western blot using the indicated antibodies. Red Ponceau S staining of the 
membrane used for subsequent western blotting showing the loading of purified proteins (Bottom panel). Arrows 
and lines indicate the position of recombinant and endogenous histones respectively. kDa; Molecular weight 
marker in Kilodalton. 
 
 
1106BHowever, neither the signal generated by the anti-H2B S112O-GlcNAc nor that for anti-
H2B K120ub changed following OGT depletion (Figure 3.5A, Right panel). In addition, we 
expressed Flag-H2B WT and Flag-H2B S112A mutant in HEK293T cells and conducted anti-
Flag immunoprecipitation under denaturing conditions (Figure 3.5B). Unexpectedly, the anti-
H2B S112O-GlcNAc signal decreases by only ~3-fold in the H2B S112A mutant, instead of 
completely disappearing. In addition, we observed no change in H2B K120ub levels. Our 
results could not validate the reported link between H2B S112 O-GlcNAc and H2B K120ub 
and moreover further suggest that the anti-H2B S112O-GlcNAc antibody might not confer 
specific detection for H2B O-GlcNAcylation. Next, we sought to further investigate the anti-
H2B S112O-GlcNAc antibody specificity by producing recombinant human histones H2B 
(His-hH2B) and H2B S112A (his-hH2B S112A) purified from bacteria (Figure 3.5C). We also 
used a GST-H2A construct as a negative control. Following relative quantification of 
recombinant histones shown by Coomassie Brilliant Blue staining (Figure 3.5C, Top panel), 
we subsequently probed increasing quantities of these proteins by immunoblotting using the 
anti-H2B S112O-GlcNAc antibody. We found that purified recombinant proteins are 
detectable using this antibody and this signal decreased by about two to three folds when the 
serine was mutated to alanine (His-hH2B S112A) (Figure 3.5C, Middle panel). Moreover, the 
H2B S112O-GlcNAc signal detected for the recombinant His-hH2B protein is comparable to 
that detected for a similar amount of mammalian endogenous H2B in the chromatin fraction 
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(Figure 3.5C, Bottom panel). Thus, these results indicate that this antibody recognizes the H2B 
backbone itself rather than O-GlcNAc moiety and that unmodified S112 is a major 
determinant in epitope recognition by this antibody.  
3.3.5 1107BUndetectable binding of mammalian histones to the Wheat Germ Agglutinin 
(WGA) lectin. 
 
1108BIt was previously reported that HeLa cell nucleosomes obtained by micrococcal 
digestion can be enriched with a WGA lectin resin which is known to strongly bind O-
GlcNAcylated proteins.20 However, the extraction procedure does not preclude histone binding 
to the WGA column as a consequence of interaction of histones with O-GlcNAcylated 
proteins associated with nucleosomes. Thus, we sought to use an acid extraction procedure to 
separate the soluble histones from all other proteins that remain in the insoluble fraction. 
Moreover, acid treatment ensures denaturation of proteins, thereby preventing potential 
interactions of histones with O-GlcNAcylated proteins associated with chromatin. We cultured 
HEK293T cells with PUGNAc for 24 hours and also included this inhibitor during the 
extraction steps to exclude the possibility of losing protein O-GlcNAc modification.288 
Moreover, to ensure that acid treatment does not influence detection of O-GlcNAc 
modification, we also analyzed the ability of chromatin-associated-proteins in the acid 
extraction mixture to bind the WGA column (Figure 3.6). Importantly, HCF-1 and several 
chromatin-associated proteins were enriched approximately 5 to 10 times compared to the 
input signal, thus confirming that the WGA resin strongly and efficiently binds O-
GlcNAcylated proteins (Figure 3.6, Left panel). This result also indicates that acid treatment 
did not covalently modify or disrupt the O-GlcNAc moiety. In contrast, immunoblotting with 
RL2, anti-H2B S112 O-GlcNAc or anti-H2A revealed that histones were found only in the 
input and the flow through fractions (Figure 3.6, Right panel). Consistently, staining of 
histones with Coomassie Brilliant Blue did not reveal histones binding to WGA-agarose. Note 
that the background signal produced by the RL2 antibody at the level of histones was observed 
in the input and the flow through fractions. To further exclude the possibility that only a small 
fraction of histones are modified in proliferating human cells, and that such limited amounts of 
modified histones are below immunoblotting detection thresholds, we carried out a WGA pull-
down experiment in conditions that would allow for the total depletion of HCF-1 from the cell 
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lysate (Figure S3.5, Left panel). Even in these conditions, histones were again only detected in 
the inputs and the flow through fractions by immunodetection and silver staining (Figure S3.5, 
Right panels). Altogether, these data support our findings that histone O-GlcNAcylation is 
undetectable in mammalian cells. 
3.3.6 1109BHistone O-GlcNAcylation is not detected by Click-it biotin-alkyl chemistry, mass 
spectrometry or following in vitro O-GlcNAcylation reactions. 
 
1110BTo further corroborate our observations, we sought to use other methods for O-
GlcNAcylation detection. We first used the commercially available in vitro Click-it chemistry 
system. This procedure consists in modifying O-GlcNAcylated proteins with an azido sugar 
(GalNAz), which can then react with biotin-alkyne thus becoming detectable via streptavidin-
conjugated HRP.394 
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739BFigure 3.6. HCF-1 and several chromatin-associated proteins but not histones bind to 
WGA lectin. 
697BHEK293T cells were treated with 100 µM PUGNAc or equal volume of DMSO for 24 hours as indicated and 
harvested to perform acid extraction of histones. The indicated soluble and chromatin-associated-proteins 
fractions (Left panels), and histones fraction (Right panels) were incubated for 2 hours with agarose bound WGA 
lectin or with agarose resin to control for non-specific binding. Two elutions (E1 and E2) of agarose and WGA 
bound proteins as well as the flow through (FT) fractions were analysed by western blot using the indicated 
antibodies. The Coomassie Brilliant Blue staining and the anti-H2A antibody indicate that histones are found in 
the input and the FT fractions. Arrows indicate endogenous H2A ubiquitination (eH2Aub) and total H2A (eH2A). 
kDa; Molecular weight marker in Kilodalton. 
1111BThis approach is highly sensitive since it allows for the detection of the O-
GlcNAcylation of α-crystallin, a lens protein that was reported to be O-GlcNAcylated at a very 
low stoichiometric ratio.394,421 Thus, we performed the Click-it chemistry reaction on histones 
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extracted from HeLa cells, as well as on α-crystallin, used as the positive control. As shown in 
Figure 3.7A, although similar amount of both purified histones and α-crystallin were used 
(Figure 3.7A, Right panel), we could only detect O-GlcNAcylation of α-crystallin in these 
conditions (Figure 3.7A, Left panel). Moreover, O-GlcNAcylation of co-purified high 
molecular weight proteins could be readily observed, thus demonstrating the efficiency of 
GalNAz labeling in the same reaction conditions as histones.  
1112BNext, we sought to determine, by performing ETD-MS/MS analysis, if we could 
recapitulate the reported histone O-GlcNAcylation sites using acid extracted histones from 
HeLa cells. We also purified HCF-1 from HEK293T cells and included it as a positive control. 
Mass spectrometry analysis by HCD and ETD for proper glycan localization was 
conducted.422 As shown in Figure S3.6 and Table 1, in addition to several novel sites, we were 
able to identify 6 of the reported HCF-1 O-GlcNAcylation sites.275,283,350,423-426 However, we 
were unable to detect O-GlcNAcylation of the core histones. Indeed, even though the MS 
analysis revealed the presence of histone peptides that were reported to be modified (e.g., H2B 
S112, H2A T101, H3 S10 and H4 S47), we did not detect their corresponding O-
GlcNAcylated forms (Figures S3.7 and S3.8).  
1113BPrevious studies reported that histones can be modified by OGT in vitro.20 Thus, we 
performed in vitro O-GlcNAcylation reactions using purified recombinant human His-hH2B 
and purified mammalian nucleosomes.  
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740BFigure 3.7. Histones are not modified by Click-it biotin-alkyl chemistry or by in vitro 
OGT-mediated O-GlcNAcylation.  
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698B(A) The poorly O-GlcNAcylated α-crystallin is detected with the click-it biotin-alkyl chemistry but not histones. 
HeLa cells were harvested and acid extraction followed by acetone precipitation was performed to purify 
histones. The GalNAz labeling reaction was carried out for a minimum of 16 hours and the biotin-alkyl reaction 
was performed in the presence or absence of the GalT1 enzyme. (Left panel) O-GlcNAcylation was analysed by 
blotting with streptavidin-HRP. (Right panel) Coomassie Brilliant Blue staining shows the indicated amounts of 
used purified proteins. (B-D) Histones are not O-GlcNAcylated in vitro by OGT. (B) Purified proteins analysed 
by Coomassie Brilliant Blue or silver staining as indicated. (Left panel) Relative quantification of purified 
recombinant His-OGT and GST-HCF-1-N to known amounts of BSA. (Middle and Right panels) Integrity of 
Flag-H2A-purified mammalian nucleosomes and recombinant His-hH2B. (C) In vitro O-GlcNAcylation reaction 
of the purified recombinant His-hH2B. GST-HCF-1-N and recombinant His-hH2B were incubated with 
increasing amounts of recombinant His-OGT for 4 hours. O-GlcNAcylation was detected by western blotting 
using the anti-O-GlcNAc antibody (RL2). (D) In vitro O-GlcNAcylation reaction of the purified mammalian 
nucleosomes by OGT. GST-HCF-1-N and nucleosomes were incubated in the absence or presence of His-OGT 
for 11 hours. The O-GlcNAcylation was detected as in (C). kDa; Molecular weight marker in Kilodalton. 
 
1114BAs a positive control, we also used purified recombinant GST-HCF-1N (for N-
Terminal HCF-1)288 as this domain is a well-established substrate of OGT.275,283,288 The 
relative quantity and integrity of the purified proteins were assessed by Coomassie Brilliant 
Blue staining or silver staining as indicated (Figure 3.7B). As shown in Figures 3.7C and 
3.7D, we detected a strong O-GlcNAcylation of HCF-1-N, but not of the recombinant His-
hH2B (Figure 3.7C) or nucleosomal histones (Figure 3.7D). 
1115BIn summary, using various approaches, we were unable to detect histone O-
GlcNAcylation. Thus, our study provides strong evidence that histone O-GlcNAcylation, if 
occurring, must be present at levels below detection limits of commonly available tools, while 
O-GlcNAcylation of other known proteins including HCF-1 and TET2 can be observed. We 
emphasize that histones are hundreds- to thousands-folds more abundant than the majority of 
cellular proteins and their modifications, even in relatively low abundance, are in general 
easily monitored. On the other hand, detection of histone modifications can be prone to false-
positive signals, especially when analyzing a large amount of proteins by immunoblotting.   
3.4  Material & Methods 
 
3.4.1 802BPlasmids and mutagenesis  
1116BThe cDNA of human of OGT and TET2 were cloned from HeLa total RNA by reverse 
transcription and inserted into pENTR D-Topo plasmid (Life Technologies). Expression 
construct of Myc-TET2 was generated by recombination using LR clonase kit (Life 
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Technologies) into pDEST-Myc construct. pCGN-HCF-1 FL was previously described.257,258 
Myc-OGT, Myc- OGT D925A catalytic inactive mutant (Myc-OGT CD) were also previously 
described.275 GFP-OGT and GFP-OGT CD were generated by recombination into pDEST-
GFP expression construct. pcDNA3-Flag-H2A and pcDNA3-Flag-H2B were obtained from 
Dr. Moshe Oren. 427 H2B and H2A were generated using gene synthesis (BioBasic) and then 
subcloned into modified pENTR D-Topo plasmid. H2B S112A construct was generated by 
site direct mutagenesis using Q5 High-Fidelity DNA Polymerase. The Primers used are: 
Forward primer: CACGCCGTGGCGGAGGGCACCAAGGCCGTCA; Reverse primer: 
TGCCCTCCGCCACGGCGTGCTTGGCCAGCTC. HCF-1N was amplified from pCGN-
HCF-1 FL and inserted into pENTR D-Topo plasmid. The T antigen NLS coding sequence 
was added in the primers. His-OGT was generated by subcloning the OGT cDNA into 
pET30a+ vector. Expression constructs of H2B and H2B S112A were generated by 
recombination using LR clonase kit into pDEST-Flag or pDEST-6xHis constructs. Expression 
constructs of H2B and HCF-1N were generated by recombination into pDEST-Flag or 
pDEST-GST constructs. All DNA constructs were sequenced. 
3.4.2 1117BImmunoblotting and antibodies. 
 
1118BTotal cell lysates were prepared by harvesting cells with buffer containing 25 mM Tris 
pH 7.3 and 1% sodium dodecyl sulfate (SDS). Cell extracts were boiled at 95°C for 10 min 
and sonicated. Quantification of total proteins was conducted using the bicinchoninic acid 
(BCA) assay.428 Total cell extracts as well as chromatin fractions and immunoprecipitation 
samples were diluted in 2X or 4X Laemmli buffer. SDS-PAGE and immunoblotting were 
conducted according to standard procedures. The band signals were acquired with a LAS-3000 
LCD camera coupled to MultiGauge software (Fuji, Stamford, CT, USA). 
1119BMouse monoclonal anti-BAP1 (C4, sc-28383), rabbit polyclonal anti-YY1 (H414, sc-
1703), rabbit polyclonal anti-OGT (H300, sc-32921), mouse monoclonal anti-Tubulin (B-5-1-
2, sc-SC-23948), were from Santa Cruz. Rabbit polyclonal anti-HCF-1 (A301-400A) was from 
Bethyl Laboratories. Mouse monoclonal anti-Flag (M2) was from Sigma-Aldrich. Mouse 
monoclonal anti-MYC (9E10) was from Covance. Rabbit polyclonal anti-H2B K120ub (D11 
XP) was from Cell Signaling. Rabbit polyclonal anti-H2B S112O-GlcNAc (ab130951), rabbit 
polyclonal anti-H2A (ab18255) Rabbit polyclonal anti-H3 (ab1791) and mouse monoclonal 
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anti-O-Linked N-acetylglucosamine (RL2, ab2739) were from Abcam. The mouse monoclonal 
anti-O-Linked N-acetylglucosamine (CTD110.6) was kindly provided by Dr. Gerald Hart.429 
Mouse monoclonal anti-β-Actin (MAB1501, clone C4) was from Millipore. Anti-rhodamine 
(IgM) was a generous gift from Dr. Li-Huei Tsai. Peroxidase Affini-Pure Goat anti-mouse 
IgM µ chain specific secondary antibody was from Jackson Laboratories.  
3.4.3 1120BCell culture and cell transfection  
 
1121BU2OS osteosarcoma, HeLa, human embryonic kidney HEK293T, 3T3-L1 mouse 
preadipocytes, C2C12 mouse myoblasts, mouse embryonic fibroblasts (MEF) cell lines were 
grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10 % of foetal 
bovine serum (FBS), L-glutamine and penicillin/streptomycin. Multiple myeloma cell lines 
(JJN-3, RPMI-8226, NCI-H292) were cultured in RPMI-1640 medium supplemented with 10 
% of foetal bovine serum (FBS), L-glutamine and penicillin/streptomycin. Mouse embryonic 
stem cells (mESCs) were maintained in DMEM medium supplemented with 15% of 
embryonic stem cells qualified FBS (Gibco), L-glutamine, penicillin/streptomycin, 0.1 mM β-
mercaptoethanol, 0.1 mM MEM (Non-essential amino acids), 1 mM sodium pyruvate and 
1000 U/ml of leukemia inhibitory factor (LIF) (Life technologies).  
1122BHeLa or HEK293T cells were treated with 100 µM of PUGNAc or equal volume of 
DMSO for 0, 9 and 24 hours and were subjected to sub-cellular fractionation (soluble and 
chromatin) or histones extraction. HEK293T cells were transfected with mammalian 
expressing vectors using polyethylenimine (PEI) (Sigma-Aldrich). Three days post-
transfection, cells were harvested for immunoblotting using total cell extracts or following 
cellular fractionation and histones extraction. Prior to immunoblotting, histones were also 
immunoprecipitated using anti-Flag antibody following denaturation of cell extracts. HeLa or 
U2OS cells were transfected using Lipofectamine 2000 (Life technologies) with 200 pmol of 
either ON-TARGET plus Non-targeting pool (D-001810-10-50) or ON-TARGET plus 
SMARTpool OGT (L-019111-00-0050) (Thermo Scientific, Dharmacon). Cells were 
transfected in a serum-free DMEM medium for 16 hours, then changed with DMEM 
complemented with 5 % FBS, 1 % Glutamine and 1 % Penicillin-Streptomycin and 8 hours 
later, cells were transfected again as described above. Three days following the first 
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transfection, cells were harvested in PBS and soluble and chromatin extractions were 
conducted and used for immunoblotting.  
3.4.4 1123BHistone and chromatin extraction  
 
1124BFor histone extraction, HEK293T cells were transfected with Flag-H2A or Flag-H2B 
with or without Myc-OGT, Myc-OGT CD, Myc-TET2 or with the combination of Myc-OGT 
and Myc-TET2 and harvested three days post-transfection. For high salt/detergent chromatin 
extraction, cells were lysed in 300 mM NaCl, 1% NP-40, 2 µM PUGNAc, 1 mM PMSF and 1 
X protease inhibitors (Sigma). Samples were kept on ice for 15 min and then centrifuged at 
6000 rpm for 10 min. The supernatant was kept as the soluble fraction for western blotting 
analysis. The pellet was washed 2 times with the previous buffer and resuspended in 1% SDS 
for protein quantification. For the histones acid extraction, cells were lysed in 50 mM Tris pH 
7.4, 300 mM NaCl, 2 mM 
1125BEDTA and 2 µM PUGNAc. The lysate was centrifuged at 6000 rpm for 10 min and the 
supernatant was kept as the soluble fraction. The pellet was washed 2 times with the same 
buffer and treated with 0.2 N HCl (1 volume of buffer for 1 volume 0.4 HCl) for 1 hour on ice. 
After centrifugation at 14000 rpm for 5 min, the supernatant containing histones was 
neutralized by adding equal volume of 100 mM Tris pH 8.8. The pellet was also resuspended 
in 1% SDS. To quantify proteins, part of the histones fraction was precipitated using 100% 
acetone at -20°C for 2 hours, centrifuged at 14000 rpm for 10 min and resuspended in 1% 
SDS. Proteins were then quantified using the BCA assay. For chromatin extraction, the cell 
pellet was resuspended in 50 mM Tris-HCl pH 7.3, 300 mM NaCl, 5 mM EDTA, 1% Triton, 2 
µM PUGNAc, 1X protease inhibitors (Sigma) and 1 mM PMSF and kept on ice for 30 min. 
The chromatin was pelleted by centrifugation at 10 000 rpm for 10 min at 4⁰C, the supernatant 
was kept (soluble fraction) and the chromatin pellet was resuspended in 25 mM Tris pH 7.3 
and 1 % SDS. Both fractions were quantified using the BCA protein quantification method. 
3.4.5 1126BWheat Germ Agglutinin lectin Pull-Down 
 
1127BHEK293T cells were either treated with 100 µM PUGNAc or DMSO for 24 hours. 
Cells were then harvested in 1X PBS and the cell pellet was lysed with 0.25 M sucrose, 3 mM 
CaCl2, 1 mM Tris-HCl pH 8.0, 0.5 % triton, 2 µM PUGNAc and 1X protease inhibitors 
120 
 
(Sigma). The chromatin was pelleted by centrifugation at 3900 rpm for 5 minutes at 4°C and 
the supernatant was kept (soluble fraction). Next, the pellet was washed with 300 mM NaCl, 5 
mM MgCl2, 1% Triton, 50 mM Tris-HCl pH 8.0, 5 mM DTT and 2 µM PUGNAc and 
centrifuged at 3900 rpm for 5 min at 4°C. Supernatant was discarded and the pellet was very 
quickly resuspended in 3 volumes of acid extraction buffer containing 0.5 M HCl, 10% 
glycerol and 0.1 M β-mercaptoethanol and left on ice for 30 min. The sample was centrifuged 
at 14 000 rpm for 5 min at 4°C, the supernatant containing the histones was transferred in a 
new tube and 10 volumes of acetone were added to both the pellet (chromatin-associated 
proteins) and the supernatant (histones) fractions and were left at -20 °C overnight. The next 
day, protein precipitates were pelleted at 14 000 rpm for 1 hour at 4°C, resuspended in 25 mM 
Tris pH7.3 and 1 % SDS, sonicated and diluted in 10 volumes of EB300 Buffer containing 50 
mM Tris-HCl pH7.5, 300 mM NaCl, 5 mM EDTA, 1% Triton X-100, 1X protease inhibitors 
(Sigma), 1 mM PMSF, 1 mM DTT and 2 µM PUGNAc. The samples were incubated for 2 
hours with WGA lectin resin (Vector Laboratories, #AL-1023) or agarose beads, washed with 
EB300 buffer and eluted with 500 mM N-acetylglucosamine. Sample were then analysed by 
western blotting.  
3.4.6 1128BImmunoprecipitation  
 
1129BFor histone immunoprecipitation following denaturation, HEK293T cells were 
transfected with Flag-H2A or Flag-H2B with pcDNA3 empty vector, Myc-OGT or Myc-OGt 
CD, Myc-TET2 or the combination of Myc-OGT with Myc-TET2 using PEI. Three days post-
transfection, cells were harvested and the cell pellets were lysed in 20 mM Tris pH 8.0, 600 
mM NaCl, 0.5% NP-40, 0.5% SDS, 0.5% sodium deoxycholate, 1 mM EDTA and 2 µM 
PUGNAc. Samples were sonicated and centrifuged at 14000 rpm for 10 min. The lysate was 
then diluted in 5 volumes of 50 mM Tris pH 7.4, 2 mM EDTA and 100 mM NaCl. For TET2 
and HCF-1 immunoprecipitation, HEK293T cells were transfected with Myc-TET2 or HA-
HCF-1 FL with and without GFP-OGT or GFP-OGT CD. Three days post-transfection, cells 
were harvested to perform denaturing immunoprecipitation. Briefly cells pellets were lysed 
using 300 mM NaCl containing buffer (5 mM Tris pH 7.5, 300 mM NaCl, 1% Triton, 1% 
SDS, 10 mM NaF, 5 mM EDTA 1 mM PMSF, 2 µM PUGNAc and 1X protease inhibitors 
(Sigma)). After boiling for 3 min in the lysis buffer, cell lysate was sonicated and samples 
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were diluted 10 folds with the same buffer but without SDS prior to immunoprecititation using 
anti-Myc or anti-HA antibodies. For mutant histones, HEK293T cells were transfected with 
PEI with either FLAG-H2B or FLAG-H2B S112A. Three days post-transfection, cells were 
harvested for denaturing immunoprecipitation in 25 mM Tris pH 7.3 and 1.5 % SDS. Next, 
suspensions were diluted 10 times with dilution buffer containing 50 mM Tris-HCl pH7.5, 100 
mM NaCl, 1% Triton, 1 mM EDTA, 1 mM DTT, 1 mM PMSF, 1X protease inhibitors 
(Sigma), 2 µM PUGNAc and 20 mM N-Ethylmaleimide (NEM, Sigma). Suspensions were 
mixed with anti-FLAG M2 resin (Sigma Aldrich #A2220) overnight at 4 ⁰C. Next day, beads 
were washed 5 times with the dilution buffer. Proteins were then eluted from the beads by 
adding Laemmli Buffer 2X and analysed by western blotting.  
3.4.7 1130BRecombinant proteins 
 
1131BpDEST-6xHis-H2B, pDEST-6xHis-H2BS112A, pDEST-GST-HCF-1-N and pET30a+ 
OGT were transformed into RIL bacteria. Following induction with 400 µM IPTG, 
recombinant proteins were purified either under native or denaturing conditions. For the 
denaturing immunopurification, the bacterial pellets were lysed in 50 mM Tris pH 8, 8 M urea 
and 3 mM DTT and left on ice for 30 min. After incubation, suspensions were sonicated and 
centrifuged at 16 000 rpm for 20 min. Supernatants were incubated with Ni-NTA Agarose 
resin (Invitrogen #R901-15) overnight at 4 ⁰C and the resin was then washed with 50 mM 
Tris-HCl pH 8.0, 500 mM NaCl, 3 mM DTT and 20 mM imidazole and transferred into a Bio-
Spin Disposable Chromatography columns (Bio Rad #732-6008). Proteins were eluted with 
200 mM imidazole. For the native purification of His-H2B, His-H2B S112A and His-OGT, 
cell pellets were lysed in 50 mM Tris pH 8, 500 mM NaCl and 3 mM DTT, 1 mM PMSF, 1X 
protease inhibitors (Sigma) and left on ice for 30 min. After incubation and sonication, the 
purified proteins were obtained as described above except for His-OGT which was kept on the 
Ni-NTA Agarose resin in order to use it for the in-vitro O-GlcNAcylation reaction. The OGT 
Ni-NTA Agarose resin beads were washed 6 times and kept in 50 mM Tris-HCl pH 7.5, 12.5 
mM MgCl2, 3 mM DTT, 10% glycerol, 1 mM PMSF, 1X protease inhibitors (Sigma). The 
induction of GST-H2A expression in bacteria was done in the same manner as indicated 
above. Pellets of cells were lysed on ice in 50 mM Tris-HCl pH 8, 150 mM NaCl, 1 mM 
EDTA, 1 % Triton, and 1 mM PMSF, 1 mM DTT, 1X protease inhibitors (Sigma). The lysates 
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were sonicated, centrifuged at 16000 rpm for 20 min and supernatants were incubated with 
GSH-Agarose (Sigma Aldrich #A8580) overnight at 4 ⁰C. Then, the resin was washed with 50 
mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.1% Tween20, 1 mM PMSF, 200 µM 
DTT and 1X protease inhibitors (Sigma)). Proteins were eluted with the same buffer 
containing 250 mM reduced gluthatione. GST-HCF-1-N was purified in the same manner as 
GST-H2A. Elutions of His-H2B, His-H2B S112A, GST-H2A and GST-HCF-1N were loaded 
on SDS-PAGE for Coomassie Brilliant Blue staining using BSA for relative quantification.  
3.4.8 1132BPurification of the nucleosomes 
 
1133BFor mammalian nucleosomes purification, HEK293T cells were transfected with 7 μg 
of pCDNA-Flag-H2A using PEI in serum free media. Three days post-transfection, cells were 
harvested and chromatin fraction extraction and nucleosomes were purified using anti-Flag 
beads as previously described.229 For yeast Flag-H2B nucleosomes purification, 2 liters of 
cells expressing Flag-H2B were grown under standard conditions and 4 grams of cell pellet 
were used for the purification. Briefly, cells were resuspended in the SP Buffer (20 mM 
HEPES 7.4, 1.2 M sorbitol, 10 mM DTT) supplemented with 5 mg/ml of Zymolyase 20T. 
When the spheroplasting in completed, the cell pellet is washed again with the SP buffer and 
then resuspended in the Buffer L (20 mM HEPES 7.4, 18% Ficoll 400, 20 mM KCl, 5 mM 
MgCl2, 1 mM EDTA, protease inhibitors (1 μg/ml leupeptin, pepstatin, aprotinin), 3 mM 
DTT, 1 mM PMSF) prior to the dounce homogenization. The extract was then diluted with the 
Buffer S (buffer L supplemented with 2.4 M sorbitol instead of Ficoll) and chromatin fraction 
was recovered by centrifugation at 11 000 rpm for 20 min. The chromatin pellet was washed 
with the IP buffer (20 mM HEPES 7.6, 150 mM KCl, 5% glycerol, 5 mM MgCl2, 1 mM 
CaCl2, 0.1% NP-40, protease inhibitors, 1 mM PMSF prior to the MNase treatment. After 
MNase treatment (15KU/ml for 30 min at room temperature), the reaction was stopped with 1 
mM EDTA and 5 mM EGTA. Following centrifugation at 20,000g for 5 min at 4°C, the 
soluble chromatin fraction was incubated 1 hour at 4°C with anti-Flag M2 beads. The beads 
were washed four times with the IP2 buffer (same as IP buffer but with 1 mM EDTA, 1 mM 
EGTA and without CaCl2). Bound nucleosomes were then eluted with 200 μg/ml of Flag 
peptides (Biobasic Inc.) 
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3.4.9 1134BClick-it chemistry 
 
1135BHeLa cells were harvested and acid extraction was performed to purify histones as 
described for the WGA pull-down. Following acetone precipitation the histones were 
resuspended in 1% SDS, 20mM HEPES pH 7.9 and quantified using the BCA assay. The 
GalNAz labeling reaction was performed following the manufacturer’s instructions using the 
Click-iT® GalNAz metabolic glycoprotein labeling reagent kit (Life Technologies). α-
crystalline was included as a positive control. Following labeling of histones and α-crystalline, 
the detection was carried out with the Click-iT® Biotin Glycoprotein Detection Kit (Life 
Technologies) and the reaction was loaded on SDS-PAGE for blotting analysis using 
streptavidin-HRP (Cell Signaling #3999S) affinity detection.  
3.4.10 1136BIn-vitro O-GlcNAcylation reaction  
 
1137BPurified GST-HCF-1-N (0.2 µg) and recombinant His-H2B (0.4 µg) were incubated 
with purified His-OGT (0.2 to 0.5 µg) in the presence of UDP-GlcNAc (1 mM) at 37°C 
overnight for 4 or 11 hours. The reaction was carried out in 50 mM Tris-HCl pH 7.5 
containing 12.5 mM MgCl2 and 3 mM DTT. Purified nucleosomes were also included in the 
O-GlcNAcylation reaction as described above. The reaction was stopped by adding Laemmli 
buffer and analysed by immunoblotting.  
3.4.11 1138BSynchronization and cell cycle analysis 
 
1139BU2OS cells were synchronized at the G1/S border using the method of thymidine (2 
mM) double block as previously described.419 Cells were then released into new media to 
follow the progression through S and G2/M phases. U2OS cells were also arrested in late G2 
by treating them with 10 µM of the CDK1 inhibitor RO-3306 for 24 hours.420 Cell cycle 
analysis was carried out as described.419  
3.4.12 1140BCell starvation. 
1141BC2C12 cells were incubated for 6 hours in the Hanks Balanced Salt Solution (HBSS) 
medium completed with 10 mM HEPES pH 7.5 and penicillin/streptomycin. After 4 hours of 
treatment, a separate plate dish of cells was replenished with fresh media and released for 
another 2 hours. Cells pellets were harvested at the indicated times for chromatin extraction. 
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3.4.13 1142BMass spectrometry analysis 
 
1143BReduction of histone and HCF-1 samples was performed by adding 5 mM DTT in 50 
mM ammonium bicarbonate. Alkylation was performed with chloroacetamide 50 mM with 
ammonium bicarbonate 50 mM. The digestion with trypsin was performed for 8 h at 37°C. 
Samples were loaded and separated on a homemade reversed-phase column (150 µm i.d. x 150 
mm) with a 106-min gradient from 0–40% acetonitrile (0.2% FA) and a 600 nl/min flow rate 
on an Easy nLC-1000 (Thermo Fisher Scientific) connected to an LTQ-Orbitrap Fusion 
(Thermo Fisher Scientific). Each full MS spectrum acquired with a 70,000 resolution was 
followed by 10 MS/MS spectra, where the 10 most abundant multiply charged ions were 
selected for MS/MS sequencing. Tandem MS experiments were performed using high-energy 
C-trap dissociation (HCD) and electron transfer dissociation (ETD) acquired in the Orbitrap. 
Peaks were identified using a Peaks 7.0 (Bioinformatics Solution Inc.) and peptide sequences 
were blasted against the human Uniprot database (74,530 sequences). Tolerance was set at 10 
ppm for precursor and 0.01 Da for fragment ions during data processing and with 
carbamidomethylation (C), oxidation (M), deamidation (NQ), and Hex-N-acylation (ST) as 
variable modifications. 
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3.6  Supplemental Figures 
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741BSupplemental Fig.S3.1. Undetectable O-GlcNAcylation of histone H2A.  
699BHEK293T cells were transfected with Flag-H2A along with either pcDNA3 empty vector, Myc-OGT, 
Myc-OGT catalytic dead (MYC-OGT CD) or Myc-TET2, as well as the combination of Myc-OGT 
with Myc-TET2. Three days post-transfection, cells were harvested and analysed for Flag-H2A O-
GlcNAcylation as conducted for Flag-H2B (see Fig.3.1). Flag immunoprecipitation (Flag-IP) of 
exogenous H2A was conducted following sample denaturation. Dots indicate Myc-OGT and 
endogenous OGT (eOGT). kDa; Molecular weight marker in Kilodalton. 
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742BSupplemental FigS3.2. OGT O-GlcNAcylates both TET2 and HCF-1 and modulates 
HCF-1 cleavage.  
700BHEK293T cells were transfected with either GFP-OGT or GFP-OGT catalytic dead (CD) in the 
presence of HA-HCF-1 full length (FL) or Myc-TET2 expression vectors. Three days post-transfection, 
cells were harvested and total cell lysates were subjected to immunoprecipitation (IP), following 
sample denaturation, using anti-Myc or anti-HA antibodies to purify TET2 and HCF-1 respectively. 
Total cell lysates (Input fractions) as well as immunopurifications were subjected to western blotting 
analysis using the indicated antibodies. Arrow indicates the full length (precursor) form of HCF-1 and 
brace indica thecleaved forms of HCF-1. Dots indicate GFP-OGT and endogenous OGT (eOGT). kDa; 
Molecular weight marker in Kilodalton. 
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743BSupplemental FigS3.3. Undetectable O-GlcNAcylation of endogenous histones.  
701BHEK293T cells were transfected as in Supplemental Fig 3.1. Three days post-transfection, cells pellets were 
collected for subsequent high salt /detergent extraction as well as histones acid extraction and cellular extracts 
were analysed by western blotting with the indicated antibodies. (A) Chromatin high salt extraction. (Left) 
Soluble fraction showing global increase of O-GlcNAcylation following OGT overexpression. (Right) Detection 
of O-GlcNAcylation using RL2 and CTD110.6 antibodies on chromatin fraction. (B) Histone acid extraction 
showing (Left) the soluble fraction and global O-GlcNAcylation levels and (Right) the histone fraction detected 
with both O-GlcNAc antibodies. β-Actin and histone H3 were used as loading controls. Coomassie Brilliant Blue 
staining indicates abundance of histones loaded. Dots indicate Myc-OGT and endogenous OGT (eOGT). kDa; 
Molecular weight marker in Kilodalton. 
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744BSupplemental FigS3.4. Detection of background signals by anti-O-GlcNAc RL2 antibody 
following immunoblotting of mammalian, yeast or recombinant histones.  
702B(A) Coomassie Brilliant Blue staining showing molecular weight and relative quantification of purified 
recombinant yeast Flag-H2B (Flag-yH2B), human His-H2B (His-hH2B) and acid extracted histones purified 
from HeLa cells relative to bovine serum albumin (BSA). (B) Increasing amounts of recombinant Flag-yH2B, 
His-hH2B and acid extracted histones from HeLa cells quantified in (A) were analysed by western blot using α-
O-GlcNAc (RL2) antibody. Purified human HCF-1(hHA-HCF-1) from HEK293T cells was used as a control for 
RL2 detection. Lines indicate purified endogenous histones from HeLa cells and Flag-yH2B. Arrows indicate 
Flag-yH2B and His-hH2B position. Asterisks indicate non-specific signal from the heavy and light chains of Flag 
antibody respectively. (C) N-Acetyl-D-Glucosamine competition with RL2 antibody. RL2 antibody was 
incubated with 1 M of N-acetylglucosamine (GlcNAc) for 1 hour. Antibody mixture was then used to 
immunoblot recombinant human His-hH2B, chromatin and soluble fractions from U2OS cells. Coomassie 
Brilliant Blue staining was used as a loading control. kDa; Molecular weight marker in Kilodalton 
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745BSupplemental FigS3.5. The core histones are not enriched by WGA lectin resin in 
conditions that ensure complete HCF-1 depletion from extracts.  
703BHeLa cells were harvested and acid extraction of histones was performed. The indicated soluble (Left panel) and 
histone fractions (Right panel) were incubated overnight with the agarose bound WGA lectin resin or with the 
agarose resin to control for non-specific binding. The flow through (FT) was kept and the proteins were eluted 
from the resins (E1 and E2) with N-acetylglucosamine (GlcNAc). Soluble fraction showing depletion of HCF-1 
on the WGA lectin resin (Left panel) . Western blot and silver stain analysis of the collected elutions revealed no 
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interaction between the core histones and the WGA lectin resin (Right panel). Arrows and lines indicate histones 
molecular weight. kDa; Molecular marker in Kilodalton. 
 
 
 
746BSupplemental FigS3.6. HCD MS/MS spectra for HCF-1 O-GlcNAcylated peptide 
containing T779 modification site.  
704B(A) Extracted ion chromatogram for the HCF-1 peptide TIPMSAIITQAGATGVTSSPGIK at m/z 735.402+ 
showing that the peptide was not detected. (B)  Extracted ion chromatogram for the HCF-1 peptide 
TIPMSAIIT(GlcNAc)QAGATGVTSSPGIK at m/z 802.092+ with the corresponding MS spectrum at 72.87 min. 
(C) MS/MS spectrum showing that the Thr9 indicated with the star is modified with the GlcNAc moiety. 
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747BSupplemental FigS3.7. HCD MS/MS spectra for H2B and H2A peptides containing 
Ser112 and Thr101 respectively. 
705B(A-C) HCD MS/MS spectra for H2B. Extracted ion chromatogram for the H2B peptide HAVSEGTK at m/z 
414.712+ showing that the peptide was detected (A) along with the corresponding MS spectrum at 4.9 min and its 
MS/MS spectrum (B). (C) Extracted ion chromatogram for m/z 516,262+ corresponding to the expected peptide 
HAVSEGTK with a GlcNAC moiety. The absence of signal at m/z 516,262+ indicates that the corresponding 
glycopeptide was not detected. (D-F) HCD MS/MS spectra for H2A. Extracted ion chromatogram for the H2A 
peptide VTIAQGGVLPNIQAVLLPK at m/z 644.403+ showing that the peptide was detected (D) along with the 
corresponding MS spectrum at 92.69 min and its MS/MS spectrum (E). (F) Extracted ion chromatogram at m/z 
712.093+ corresponding to the expected peptide VTIAQGGVLPNIQAVLLPK bearing a GlcNAC moiety. The 
absence of a signal at m/z 712.093+ indicates that the corresponding glycopeptide was not detected 
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748BSupplemental FigS3.8. HCD MS/MS spectra for H3 and H4 peptides containing Ser10 
and Ser47 respectively. 
706B(A-C) HCD MS/MS spectra for H3. Extracted ion chromatogram for the H3 peptide STGGKAPR at m/z 
387.222+ showing that the peptide was detected as evidenced from its (A) corresponding MS spectrum at 4.01 
min and its MS/MS spectrum (B). (C) Extracted ion chromatogram for the expected peptide STGGKAPR bearing 
a GlcNAC moiety at m/z 488.773+, the absence of a signal indicates that the corresponding glycopeptide was not 
detected. (D-F) HCD MS/MS spectra for H4. Extracted ion chromatogram for the H4 peptide ISGLIYEETR at 
m/z 590.822+ showing that the peptide was detected as evidenced from the corresponding (D) MS spectrum at 
39.03 min and its MS/MS spectrum (E). (F) Extracted ion chromatogram for the expected peptide ISGLIYEETR 
bearing a GlcNAC moiety at m/z 692.362+, the absence of signal indicates that the corresponding glycopeptide 
was not detected.
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1152BIntroduction à l’article : 
 
1153BCe chapitre de la thèse est relié à l’objectif 3.  
1154BNous savons que BAP1 catalyse la déubiquitination de H2Aub et régule la prolifération 
cellulaire. Néanmoins, l’implication des partenaires de BAP1 dans le contrôle de son activité 
catalytique et de sa fonction suppressive de tumeurs reste très peu définie. De ce fait, nous 
nous sommes intéressés à investiguer le rôle de BAP1/ASXL1/ASXL2 dans la modulation des 
mécanismes de déubiquitination. 
1155BDans cette étude nous avons révélé un mécanisme  de régulation de BAP1 par ASXL1 
et ASXL2. En effet, les interactions BAP1/ASXL1/ASXL2 sont requises pour induire la 
liaison de BAP1 à l’ubiquitine et de stimuler son activité déubiquitinase. Plus important 
encore, nous avons identifié une mutation de cancer de BAP1 qui empêche sa liaison avec 
ASXL1/2 et perturbe sa fonction de régulateur de la prolifération cellulaire. 
1156BNos résultats dévoilent un lien unique entre l’activite catalytique de BAP1 et sa 
fonction suppressive de tumeurs.     
1157BContribution : Ma contribution comme premier auteur se résume à la conception et la 
réalisation de 75% de la totalité des expériences, la préparation de toutes les figures de l’article, 
la rédaction du manuscrit ainsi qu’à la réalisation de toutes les expériences requises pour les 
révisions et la finaliseation des figures et du manuscrit. 
 
 
 
 
1158B ackground: The relevance of ASXL2 to the function of the histone H2A deubiquitinase (DUB) 
BAP1 remains unknown.  
18BResults: ASXL2 promotes the assembly by BAP1 of a composite ubiquitin-binding interface (CUBI) 
required for DUB activity and coordination of cell proliferation.  
1159BConclusion: Cancer-associated mutations of BAP1 disrupt BAP1-ASXL2 interaction and function. 
1160BSignificance: Novel insights into BAP1 tumor suppressor function.  
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4.1 ABSTRACT 
19BThe deubiquitinase (DUB) and tumor suppressor BAP1 catalyzes ubiquitin removal 
from histone H2A K119 and coordinates cell proliferation, but how BAP1 partners modulate its 
function remains poorly understood. Here, we report that BAP1 forms two mutually exclusive 
complexes with the transcriptional regulators ASXL1 and ASXL2, which are necessary for 
maintaining proper protein levels of this DUB. Conversely, BAP1 is essential for maintaining 
ASXL2, but not ASXL1 protein stability. Notably, cancer-associated loss of BAP1 expression 
results in ASXL2 destabilization and hence loss of its function. ASXL1 and ASXL2 use their 
ASXM domains to interact with the C-terminal domain (CTD) of BAP1 and these interactions 
are required for ubiquitin binding and H2A deubiquitination. The deubiquitination promoting 
effect of ASXM requires intramolecular interactions between catalytic and non-catalytic 
domains of BAP1 which generate a composite ubiquitin binding interface (CUBI). Notably, the 
CUBI engages multiple interactions with ubiquitin involving, (i) the ubiquitin carboxyl 
hydrolase (UCH) catalytic domain of BAP1 which interacts with the hydrophobic patch of 
ubiquitin and (ii) the CTD domain which interacts with a charged patch of ubiquitin. 
Significantly, we identified cancer-associated mutations of BAP1 that disrupt the CUBI, and 
notably an in frame deletion in the CTD that inhibits its interaction with ASXL1/2, DUB 
activity and deregulates cell proliferation. Moreover, we demonstrated that BAP1 interaction 
with ASXL2 regulates cell senescence and that ASXL2 cancer-associated mutations disrupt 
BAP1 DUB activity. Thus, inactivation of BAP1/ASXL2 axis might contribute to cancer 
development. 
4.2  Introduction 
20BCovalent attachment of ubiquitin on lysine or N-terminal residues of target proteins can 
influence substrate stability and function, and as such exerts major roles in diverse cellular 
processes including intracellular trafficking, protein quality control, cell cycle progression, 
transcription, DNA replication and repair 175,182,183,430,431. Ubiquitination is catalyzed by the 
concerted action of E1-ubiquitin activating, E2-ubiquitin conjugating and E3-ubiquitin ligases 
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and generally results in the attachment of one or several ubiquitin molecules, i.e. mono- or 
poly-ubiquitination, respectively 175,432. Ubiquitination events are tightly coordinated by DUBs, 
which are responsible for reversing this modification 198,433. Proteins containing ubiquitin-
binding domains (UBDs) are responsible for the specific and non-covalent recognition of free 
ubiquitin and of mono- or poly-ubiquitinated substrates. UBDs can be categorized into several 
families based on structural characteristics such as the presence of single or multiple α-helices, 
zinc fingers or pleckstrin-homology fold, which constitute interfaces of low affinity interaction 
with one or multiple molecules of ubiquitin. UBD-containing proteins are thus widely involved 
in the proper and timely initiation, propagation or termination of ubiquitin-mediated signaling 
events 175,187. The nuclear DUB BAP1 is a tumor suppressor deleted and mutated in an 
increasing number of cancers of diverse origins 77,243. Indeed, somatic or germinal inactivating 
mutations in BAP1 are found in mesothelioma, uveal melanoma, cutaneous melanocytic 
tumors, clear cell renal cell carcinoma, breast and lung cancers, thereby making BAP1 the most 
frequently and widely mutated DUB-encoding gene in cancer 226,230,231,235,247-250,434. Previous 
studies indicated that BAP1 tumor suppressor function requires DUB activity and nuclear 
localization 236. Consistent with its role in tumor suppression, BAP1 was shown to act as a 
positive or a negative regulator of cell proliferation 229,234,236,435. Moreover, genetic ablation of 
BAP1 in mice inhibits embryonic development, while selective inactivation of BAP1 in the 
hematopoietic system induces severe defects in the myeloid cell lineage, recapitulating key 
features of myelodysplastic syndrome 230. At the molecular level, BAP1 acts as a chromatin-
associated protein that is assembled into large multi-protein complexes containing several 
transcription factors and co-factors including the Host Cell Factor 1 (HCF-1), the O-linked N-
acetyl-Glucosamine Transferase (OGT), the Lysine Specific Demethylase 
KDM1B/LSD2/AOF1, the Additional Sex Comb Like proteins ASXL1 and ASXL2 
(ASXL1/2), the forkhead transcription factors FOXK1 and FOXK2 as well as the zinc finger 
transcription factor Yin Yang 1 (YY1) 239,435,436. BAP1 is recruited at gene promoter regions to 
activate transcription, and has been shown to regulate the expression of genes involved in cell 
proliferation 247,436,437.  BAP1 is also recruited to sites of DNA double strand breaks to promote 
repair by homologous recombination 229,438, and is implicated in DNA replication-associated 
processes 237,439. Moreover, BAP1 functions appear to be regulated by post-translational 
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modifications including phosphorylation and ubiquitination 229,237,241. Nonetheless, the 
mechanism by which BAP1 function is coordinated by its partners remains poorly defined. 
1161BCalypso, the Drosophila ortholog of BAP1 is a Polycomb Group (PcG) protein that 
interacts with the transcriptional regulator ASX and assembles the Polycomb Repressive-DUB 
(PR-DUB) complex which deubiquitinates histone H2A K118 (H2A K119 in vertebrates, 
hereafter H2Aub) and promotes PcG target gene repression 79. While the exact mechanism of 
repression remains unknown, it is interesting to note that the Polycomb Repressive Complex 1 
(PRC1), which catalyzes H2A ubiquitination, is also required for PcG target gene repression 
39. Drosophila ASX protein is an atypical PcG factor, since it is involved in both
transcriptional silencing and activation 365,368. ASXL1 and ASXL2 (hereafter ASXL1/2) are
paralogs that appear to have diverged from ASX during evolution, and are reported to function
with a number of co-repressors and co-activators, notably the Lysine-Specific Demethylase
KDM1A/LSD1, the PcG complex PRC2 and the Trithorax Group (TrxG) epigenetic regulators
372-375. Similar to PR-DUB complex, a minimal complex containing mammalian BAP1 and the
N-terminal region of ASXL1 was shown to deubiquitinate H2A in vitro, indicating the
requirement of ASX or ASXL1 for DUB activity 79. The DUB activity of BAP1 toward
histone H2A K119 was also observed in vivo 229,250,437,440. BAP1 was also shown to
deubiquitinate and stabilise some of its interacting partners including HCF-1 and OGT
indicating the functional importance of its catalytic activity 230,234,435. ASXL1/2 contain two
uncharacterized N-terminal domains, ASXN and ASXM, and a C-terminal Plant Homeo
Domain (PHD) finger 367,372. Interestingly, the DUB activity of a BAP1 family member,
UCH37, is stimulated by RPN13 (ADRM1) 19S proteasome subunit 441-443, and phylogenetic
studies suggest that RPN13 and ASXL1/2 share a conserved domain termed the
DEUBiquitinase ADaptor (DEUBAD) domain corresponding to ASXM 378. This suggests that
BAP1/ASXL1/2 might use a similar mechanism of DUB activation as UCH37/RPN13.
1162BThe genes encoding ASXL1/2 are involved in chromosomal translocations and are 
frequently truncated in various cancer types 444.  ASXL1 is frequently mutated in myeloid 
malignancies. Most of these mutations generate truncated ASXL1 proteins that retain the N-
terminal region required for interaction with BAP1 79. Although, ASXL1 interaction with 
BAP1 was initially revealed  dispensable for leukemia development 375, it was recently shown 
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that leukemia-associated mutations of ASXL1, lead to an aberrant enhancement of BAP1 
DUB activity 445. Moreover, expression of these ASXL1 constructs in hematopoietic precursor 
cell line causes an overall depletion of H2Aub associated with defects in myeloid 
differentiation 445. However, the involvement of this interaction in other cancers remains 
unknown. In addition, the specific contribution of ASXL1 and ASXL2 to BAP1 function 
remains undefined. Here, we sought to determine how ASXL1/2 modulates the H2A DUB 
activity of BAP1, and the relevance of these factors for BAP1 tumor suppressor function. We 
mapped the exact interaction domains and motifs between BAP1 and ASXL1/2 and 
demonstrated that ASXL1/2 form two mutually exclusive complexes with BAP1, both of 
which are competent in deubiquitinating H2A. Furthermore, we showed that the loss of BAP1 
expression in cancer is concomitant with a destabilization of ASXL2. We also found that the 
ASXM domain of ASXL1/2 is prerequisite for ubiquitin binding and deubiquitination by 
BAP1. Moreover, we found that BAP1 catalytic and non-catalytic domains form, along with 
the ASXM domain, a composite ubiquitin binding interface (CUBI) required for promoting 
BAP1 DUB activity by ASXL1/2 and coordination of cell proliferation. Finally, we identified 
a cancer-derived mutation of BAP1 CTD, ΔR606-H609, which results in a selective loss of 
interaction with ASXL1/2 and inhibition of H2A DUB activity. The ΔR606-H609 mutation 
also abolishes the ability of BAP1/ASXL2 axis to regulate cell proliferation and cellular 
senescence, thus providing a link between BAP1 function and mechanisms of tumor 
suppression. 
4.3  EXPERIMENTAL PROCEDURES 
 
4.3.1 803BPlasmids-Retroviral constructs :  
1163B AP1, pOZ-N-Flag-HA-BAP1 C91S (catalytic dead) and pOZ-N-Flag-HA-
BAP1ΔHBM (BAP1 mutant deleted in the NHNY sequence corresponding to the HCF-1 
binding motif); constructs to produce recombinant full-length GST-BAP1 and various deleted 
forms; pET30a+ BAP1 for production of His-tagged BAP1 were previously described 436. 
pCDNA3-Flag-H2A was obtained from Moshe Oren 427. pOZ-N-Flag-HA-BAP1 ΔCTD1 and 
pOZ-N-Flag-HA-BAP1 ΔCC2 were generated by PCR-based subcloning. Non-tagged 
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pCDNA3-BAP1 and pCDNA3-BAP1-C91S were generated by subcloning the cDNAs from 
pOZ-N-Flag-HA-BAP1 and pOZ-N-Flag-HA-BAP1-C91S respectively. siRNA resistant 
constructs for BAP1, BAP1-C91S, BAP1 ΔCTD, BAP1R666-H669 were generated using 
gene synthesis (BioBasic) and then subcloned into modified pENTR D-Topo plasmid (Life 
Technologies). Expression constructs of siRNA resistant BAP1, BAP1 C91S, BAP1 ΔCTD 
and BAP1 ΔR666-H669 were generated by recombination using LR clonase kit (Life 
Technologies) into pMSCV-Flag-HA-IRES-Puro or pDEST-Myc constructs 239. BAP1ΔUCH, 
BAP1ΔCC1 and BAP1ΔCTD were described 241, and were sub-cloned by PCR into pENTR. 
Ubiquitin constructs (Ub wild type, Ub VLI  (V70A/L8A/I44A), Ub I36A, Ub I44A, Ub 
D58A) flanked by att-B and att-P recombination sites were generated by gene synthesis (Life 
technologies) directly into pMK-Rq plasmid and bacterial expression constructs were 
generated by recombination into pDEST-GST. Other Ubiquitin mutants constructs (Ub TEK 
(K6A/L11A/T12A/T14A/E34A), Ub Il36 patch (L8A/I36A/L71A/L73A), Ub IL44 patch 
(L8A/L44A/H68A/V70A), Ub Phe4 patch (Q2A/F4A/T14A), Ub (Q49A/R72A), Ub 
(R42A/Q49A/D52A/R72A)) flanked by att-B and att-P recombination sites were generated by 
gene synthesis (Biobasic) directly into pUC57-Kan Vector and bacterial expression constructs 
were generated by recombination into pDEST-GST. Human cDNA ASXL1 (NCBI: 
NM_015338.5) and ASXL2 (NCBI: NM_018263.4) were cloned from HeLa total RNA by 
reverse transcription and inserted into pENTR D-Topo plasmid. BAP1 point mutations 
constructs were generated by site direct mutagenesis in pENTR D-Topo BAP1 using PfuUltra 
High-Fidelity DNA Polymerase. Human Myc-ASXL1 ΔASXM and Myc-ASXL2 ΔASXM 
constructs were generated by PCR-based subcloning of 2 fragments each ligated in frame into 
pENTR D-Topo. Expression constructs of ASXL1, ASXL2 and corresponding vectors with 
deletions of ASXM were generated in pDEST-Myc and pDEST-Flag. Other expression 
constructs for BAP1 and corresponding mutants forms, were generated using LR clonase in 
pDEST-Myc, pDEST-Flag and bacterial pDEST-His. Full length ASXM1 and ASXM2 and 
deletions mutants forms of ASXM2 (ASXM2 246-313, ASXM2 300-401, ASXM2 316-401, 
ASXM2 246-347) were sub-cloned by PCR and inserted into pENTR D-Topo plasmid. 
ASXM2 point mutations constructs were generated by site direct mutagenesis in pENTR D-
Topo ASXM2. Bacterial expression vectors of ASXM1, ASXM2 and respective mutant forms 
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were generated in pDEST-GST and pDEST-MBP vectors. Human PAR-4 was cloned in-frame 
with GFP in pCDNA3 using PCR.  
 
4.3.2 1164BCell culture and cell transfection:  
1252BPrimary human skin fibroblasts (LF1), BAP1-deficient human lung squamous 
carcinoma NCI-H226, BAP1-deficient human mesothelioma NCI-H28, U2OS osteosarcoma, 
human embryonic kidney HEK293T (293T), Cervical cancer HeLa, normal Human Lung 
Fibroblasts (IMR90), phoenix ampho and 293-GPG packaging cells were cultured in 
Dulbecco's modified Eagle's medium (DMEM) supplemented with foetal bovine serum (FBS), 
L-glutamine and penicillin/streptomycin. HeLa S3 cells were cultured in Minimum Essential 
Media (MEM) supplemented with FBS, L-glutamine and penicillin/streptomycin. 
1165B293T cells were transfected with the mammalian expressing vectors using polyethylenimine 
(PEI) (Sigma-Aldrich). Three days post-transfection, cells were harvested for immunoblotting, 
immunoprecipitation or immunostaining. 
1166BSimilar numbers of H226 BAP1-null cells stably expressing BAP1, BAP1C91S or 
BAP1R666-H669 were seeded on the plates and cultured for 5 days. The clonogenic survival 
assay was essentially done as described before 229. 
1167BU2OS or LF1 cells were transfected using Lipofectamine 2000 (Life technologies) 
with 200 pmol of either ON-TARGET plus Non-targeting pool (D-001810) or ON-TARGET 
plus SMARTpool BAP1 (L-005791) (Thermo Scientific, Dharmacon) or with a pool of siRNA 
sequences purchased from Sigma-Aldrich targeting ASXL1 (pool of 4 oligonucleotides, 
SASI_Hs02_00347642, SASI_Hs01_00200507, SASI_Hs01_00200508, 
SASI_Hs01_00200509) and ASXL2 (2 pools of 4 oligonucleotides, SASI_Hs01_00202197, 
SASI_Hs01_00202198, SASI_Hs01_00202199, SASI_Hs01_00202200 and 
SASI_Hs01_00202197, SASI_Hs01_00202200, SASI_Hs01_00202203, 
SASI_Hs01_00202201 ). Four days post-transfection, cells were harvested for 
immunoblotting. 
1168BsiRNA DUB screen-HeLa cells were transfected with individual siRNA pool targeting 
DUBs (ON-TARGETplus® SMARTpool® siRNA Library-Human Deubiquitinating 
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Enzymes) using Lipofectamine 2000 (Life Technologies). Three days post-transfection, cells 
were fixed and used for immunostaining with H2Aub antibody and the fluorescence signals 
were detected with a Fluoroskan Ascent™ Microplate Fluorometer (Thermo Scientific), and 
the obtained values were used to derive the Z-scores. The screen was done in duplicate and the 
values of H2Aub signals were normalized to DAPI staining. 
1169BqRT-PCR analysis of mRNA expression-Total RNA was used to prepare the cDNAs as 
described 436. The cDNAs were analyzed by Real time PCR using SYBR Green detection 
DNA quantification kit (Life technologies) to determine levels of gene mRNAs. PCR was 
conducted on an Applied Biosystems® 7500 Real-Time PCR Systems (Life Technologies). To 
ensure accurate quantification of mRNA, similar amounts of total RNA were spiked with an in 
vitro synthesized GAL4 mRNA, which was performed following the manufacturer procedure 
(MAXIscript Kit Procedure, Life Technologies). The transcript was synthesized from 
pcDNA.3-GAL4 construct with T7 promoter. The primers used are listed below. hASXL2-F: 
GAATCCAGGTGCGAAAAGTAC and hASXL2-R: GATGGAGACTGGAAAACGAGC 
and GAL4-F: CAACTGGGAGTGTCGCTACT, and   GAL4-R: 
AATCATGTCAAGGTCTTCTCGA      
                              
4.3.3 1170BImmunoblotting and antibodies :  
1171BTotal cell extracts were used for SDS-PAGE and immunoblotting was done according 
to standard procedures 436. The band signals were acquired with a LAS-3000 LCD camera 
coupled to MultiGauge software (Fuji, Stamford, CT, USA). Anti-FOXK2 rabbit polyclonal 
antibody was previously described 241. The rabbit polyclonal antibody anti-ASXL1 was 
generated using bacteria-expressed fragment (700-950 amino acids of the human protein) with 
Pacific Immunology. Mouse monoclonal anti-BAP1 (C4, sc-28383), rabbit polyclonal anti-
BAP1 (H300, sc-28236), rabbit polyclonal anti-YY1 (H414, sc-1703), rabbit polyclonal anti-
OGT (H300, sc-32921), mouse monoclonal anti-CDC6 (180.2, sc-9964), mouse monoclonal 
anti-MCM6, mouse monoclonal anti-tubulin (B-5-1-2, sc-SC-23948), mouse monoclonal anti-
p53 (DO-1, sc-126), mouse monoclonal anti-p16 (JC8, sc-56330), mouse monoclonal anti-
MDM2 (SMP14, sc-965), rabbit polyclonal anti-FOXK1 (H-140, sc-134550), and mouse 
monoclonal anti-PARP1 (F2, sc-8007) were from Santa Cruz. Rabbit polyclonal anti-HCF-1 
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(A301-400A) and rabbit polyclonal anti-ASXL2 (A302-037A) were from Bethyl Laboratories. 
Mouse monoclonal anti-p21 (55643) was from BD Pharmigen. Mouse monoclonal anti-Flag 
(M2) and rabbit polyclonal anti-GST (G7781) were from Sigma-Aldrich. Mouse monoclonal 
anti-MYC (9E10) was from Covance. Rabbit polyclonal anti-H2Aub K119 (D27C4) rabbit 
polyclonal anti-H2Bub K120 (D11 XP), mouse monoclonal anti-RB (4H1), rabbit polyclonal 
anti- pRB (S807/811) and mouse monoclonal (HRP conjugated) anti-MBP (E8038) were from 
Cell Signaling. Mouse monoclonal anti-H2Bub antibody (NRO3) was from MEDIMABS. 
Mouse monoclonal anti-Phospho-H2AX (ser139) (clone JBW301, 05-636), Mouse 
monoclonal anti-H2Bub antibody clone 56 (05-1312), Mouse monoclonal anti-H2Aub K119 
antibody clone E6C5 (05-678) and mouse monoclonal anti-β-Actin (MAB1501, clone C4) 
were from Millipore. 
 
4.3.4 1172BImmunodepletion and Immunoprecipitation : 
1253BImmunodepletion  experiments were done as described 436. Reciprocal 
immunoprecipitation from the BAP1 complexes was conducted essentially as described 241. 
Briefly, the purified BAP1 complexes were incubated with the indicated antibodies overnight 
at 4 ºC. The immuno-depleted complexes were recovered next day with protein G sepharose 
beads saturated with 1% BSA. Co-immunoprecipitation was conducted as described 436. 
 
4.3.5 1173BCell lines with stable expression and protein complex purification :  
1174BHeLa S3 cell lines stably expressing Flag-HA-BAP1, Flag-HA-BAP1ΔCTD1, or Flag-
HA-BAP1R666-H669, H28 cell lines stably expressing Flag-HA-BAP1 and Flag-HA-
BAP1C91S, as well as H226 cell lines stably expressing Flag-HA-BAP1, Flag-HA-
BAP1C91S and Flag-HA- BAP1R666-H669 were generated following retroviral infection 
using pOZ-N-Flag-HA-IRES-IL2R retroviral constructs and selection using anti-IL2 magnetic 
beads (Life Technologies) 436. U2OS expressing siRNA resistant Flag-HA-BAP1, Flag-HA-
BAP1C91S, Flag-HA-BAP1 ΔCTD and Flag-HA- BAP1R666-H669 were generated 
following retroviral infection using pMSCV-Flag-HA-IRES-Puro based constructs and 
selection with 3 μg/ml of puromycin. Around 3 X 109 of HeLa S3 cells were used for the 
immunoaffinity purification of the different BAP1 complexes. The purification was done as 
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previously described 241. Eluted complexes were used for silver stain, western blot analysis 
and in vitro ubiquitin pulldown and DUB assays. 
 
4.3.6 1175BIn vitro interaction assays:  
1176BProtein interaction pull down assays were conducted as previously described 436. 
 
 
4.3.7 1177BUbiquitin pull down interaction assays-GST:  
1178BGST-ubiquitin immobilized beads and its corresponding mutant forms were purified 
using glutathione agarose beads. For the Ubiquitin-Agarose pull down interaction assays, His-
BAP1 or the corresponding mutant forms (1.6 µg, 20 nM) were pre-incubated for 30 min to 1 
hour with GST-ASXM1 or GST-ASXM2 (2 µg each, 50 nM) or GST-ASXM2 deletion 
mutant forms at 4 ºC in 50 mM Tris, pH 7.5; 150 mM NaCl; 1% Triton; 1 mM PMSF, 
protease inhibitors cocktail and 2 mM DTT. The mix was incubated for 3 hours with 
Ubiquitin-Agarose beads (Boston Biochem) which were then washed 6 times with the same 
buffer. The associated proteins were eluted in Laemmli buffer and subjected to western 
blotting. For the GST-Ubiquitin (GST-Ub) pull down interaction assays, His-BAP1 or His-
BAP1 C91S or the recombinant BAP1 deletion mutants (1.6 µg, 20 nM) were pre-incubated 
for 30 min to 1 hour with either MBP-ASM2 or its corresponding mutant forms (2 µg, 30 nM). 
The mix was then incubated overnight with either GST-Ubiquitin immobilized beads or 
mutant forms (3 µg, 80 nM). The beads were washed 6 times with the same buffer and the 
associated proteins were subjected to western blotting. For the GST-Ubiquitin (GST-Ub) pull 
down interaction assays using MBP-ASXM2 (2 µg, 30 nM) or MBP-CTD (3 µg, 40 nM), the 
purified proteins were incubated for 16 hours with GST-Ubiquitin immobilized beads (3 µg, 
80 nM). The beads were washed 6 times with the same buffer and the associated proteins were 
subjected to western blotting. 
 
4.3.8 1179BPurification of the nucleosomes and in vitro DUB assay: 
1180BNative nucleosomes were purified as described 229. The purified nucleosomes were 
used for the in vitro DUB assay using either Flag-HA purified BAP1 complexes or bacteria-
purified His-BAP1 (8 ng, 2 pM) with or without bacteria purified GST-ASXM1/2 (10 ng, 4 
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pM) or MBP-ASXM2 (10 ng, 2,8 pM) as described 229. The DUB reaction was carried out in 
the reaction buffer (50 mM Tris-HCl, pH 7.3; 1 mM MgCl2; 50 mM NaCl; 1 mM DTT) for 
the indicated times at 37°C. The in vitro reaction was stopped by adding Laemmli buffer and 
analyzed by immunoblotting. 
 
4.3.9 1181BSynchronization and cell cycle analysis:  
1182BU2OS cells were synchronized at the G1/S border using the method of thymidine (2 
mM) double block and analyzed by flow cytometry as described previously 419. 
Immunofluorescence-The immunostaining procedure was carried as previously described 275.  
 
4.3.10 1183BProtein sequence analysis and structure modeling:  
1184BConservation of protein sequences was determined using Geneious 6.1.2 (Biomatters, 
http://www.geneious.com). The ubiquitin resolved 3D structure PDB file (1UBQ) was 
downloaded from the PDB database (http://www.rcsb.org/pdb/home/home.do). We used the 
Chimera software (UCSF Chimera V 1.10) to visualize the 3D structure and to highlight 
different ubiquitin interfaces. 
4.3.11 1185BStatistical Analysis: 
1186BMost experiments were conducted at least three times. Quantifications were done for a 
representative experiment. DUB RNAi screen was conducted once. Cell counts for senescence 
studies were derived from one representative experiment and are shown as average with 
standard deviation.  
 
4.4  RESULTS  
 
4.4.1 1187BASXL1 and ASXL2 compete for their interaction with BAP1. 
1188BASXL1 and ASXL2 factors co-purified with BAP1 239,436, and mass spectrometry 
peptide counts suggest that they are associated with BAP1 at similar levels (Fig. 4.1A). BAP1 
interaction with ASXL1/2 was not affected by the loss of HCF-1, a major subunit of the BAP1 
core complexes associated through its HCF-1 binding motif (HBM). We also note that the 
147 
interaction between BAP1 and OGT is strongly reduced in the context of BAP1ΔHBM 
complexes, indicating that HCF-1 bridges OGT and BAP1. (Fig.4.1B). We sought to further 
investigate the functional relationship between these factors. Immunoprecipitation (IP) of 
ASXL2 from purified BAP1 complexes did not show interaction with ASXL1 (Fig. 4.1C), and 
ASXL1 and ASXL2 failed to interact with each other following overexpression (Fig. 4.1D). 
We noted that BAP1 interaction with ASXL2 was reduced following expression of ASXL1 
(Fig. 4.1D), suggesting that ASXL1 might compete with ASXL2 for BAP1 binding. To further 
confirm that ASXL1 and ASXL2 compete for interaction with BAP1, we overexpressed 
increasing amounts of ASXL1 with constant amounts of BAP1 and ASXL2 in 293T cells and 
conducted immunoprecipitation. Interestingly, although ASXL2 and BAP1 protein levels also 
increased following ASXL1 overexpression, we observed that ASXL2 was displaced from 
BAP1-containing protein complexes (Fig. 4.1E) indicating that ASXL1 and ASXL2 form two 
distinct complexes with BAP1. 
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749BFigure 4.1. BAP1 interacts with either ASXL1 or ASXL2. 
1254BA) BAP1 complexes contain relatively similar amounts of ASXL1/2 proteins. ASXL1/2 peptides
identified by mass spectrometry following the purification of BAP1 complexes from HeLa S3 cells.
The amino acid positions of the peptides are indicated. B) HCF-1 is not required to maintain the
interaction between BAP1 and ASXL1/2. Purification of BAP1 or BAP1
ΔHBM 
(lacking the HCF-1-
binding motif) complexes and detection of ASXL1/2 and BAP1 by immunoblotting (left panel). The 
immunopurifed proteins were also analyzed by immunoblotting to detect the two major components of 
the BAP1 complexes, HCF-1 and OGT (right panel). Note that OGT is greatly reduced in the 
BAP1
ΔHBM
 complexes due to the absence of HCF-1. C) Reciprocal immunoprecipitation (Re-IP) of
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ASXL2 from the purified BAP1 complexes. D) 293T cells were transfected with Myc-ASXL2 (6 µg) 
with or without Flag-ASXL1 (4 µg) expression vectors and harvested, three days later, for IP of Myc 
(ASXL2). E) 293T cells were transfected with Flag-BAP1 (0.1 µg) and Myc-ASXL2 (3 µg) constructs 
in the presence of increasing amounts of Myc-ASXL1 construct (1, 2 and 5 µg) and harvested, three 
days later, for IP of BAP1 using anti-Flag. Overexpressed Myc-ASXL2 was detected with anti-ASXL2 
and anti-Myc antibodies. ASXL1 was detected with anti-Myc antibody. The difference in M.W. allows 
discrimination between ASXL1 and ASXL2 bands. YY1 is used as a loading control. Quantification of 
band intensity for each protein was conducted relative to the lowest amount of transfected plasmid. The 
dot and the star indicate a monoubiquitinated form of BAP1 241, and non-specific bands respectively 
(panels B, C, D). 
4.4.2 1189B AP1 and ASXL1/2 are co-regulated and loss of BAP1 in cancer is concomitant 
with ASXL2 destabilization. 
1190BTo further investigate the relevance of ASXL1 and ASXL2 in regulating BAP1 
function, we transfected 293T cells with BAP1 and increasing amounts of Myc-tagged 
ASXL1/2-expressing constructs. We found that BAP1 protein levels increased with ASXL1/2 
expression in a dose-dependent manner (Fig. 4.2A). Conversely, ASXL1/2 protein levels were 
also increased following overexpression of BAP1 (Fig. 4.2B). siRNA knockdown of either 
ASXL1 or ASXL2 in U2OS osteosarcoma cells or primary human fibroblasts resulted in a 
significant decrease of BAP1 protein levels (Fig. 4.2C,D), while combined knockdown of 
ASXL1/2 caused an even stronger decrease of BAP1 levels than depletion of individual 
proteins (Fig. 4.2C). This indicates that ASXL1/2 are necessary for maintaining proper protein 
levels of this DUB. We also observed that depletion of ASXL1 resulted in a noticeable 
decrease of ASXL2, while knockdown of ASXL2 caused an increase of ASXL1 (Fig. 4.2C,D). 
Knockdown of BAP1 strongly reduced ASXL2 levels. This effect is independent of BAP1 
DUB activity, as the decrease of ASXL2 protein in U2OS cells was prevented by re-
expression of siRNA-resistant forms of BAP1, either wild type or catalytically dead mutant, 
BAP1C91S (Fig. 4.2E). The dependency of ASXL2 protein levels on BAP1 abundance suggests 
that ASXL2/BAP1 may form an obligate complex. Consistently, immunodepletion of 
endogenous proteins from HeLa nuclear extracts revealed that the majority of ASXL2 is 
associated with BAP1 (Fig. 4.2F). However, only about half the amount of BAP1 is in 
complex with ASXL2. PARP1 was used as a control which remained in the flow through 
fraction. Significantly, ASXL2 was downregulated in BAP1-deficient H28 mesothelioma and 
H226 lung carcinoma cells, and re-expression of BAP1 or BAP1C91S restored ASXL2 protein 
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levels in these cells, without affecting its mRNA levels (Fig. 4.2G,H). These data suggest that 
BAP1/ASXL1/2 interactions are regulated and that loss of BAP1 during cancer development 
results in concomitant loss of ASXL2 protein and function. 
151 
 
 
 
152 
 
750BFigure 4.2. BAP1 and ASXL1/2 are co-regulated and loss of BAP1 in cancer is 
concomitant with ASXL2 depletion. 
1255BA) 293T cells were transfected with BAP1 and increasing amounts of either Myc-ASXL1 (0.5, 1, 2 and 
5 µg) or Myc-ASXL2 (0.5, 1, 2 and 5 µg) expression vectors and harvested, three days later, for 
immunoblotting. B) 293T cells were transfected with Myc-ASXL1 or Myc-ASXL2 with increasing 
amounts of BAP1 (0.3 and 1 µg) vectors and harvested, three days later, for immunoblotting. 
Quantification of band intensity for each protein was conducted relative to the lowest amount of 
transfected plasmid (panels, A, B). C) Protein levels following siRNA depletion of BAP1 and/or 
ASXL1/2 in U2OS cells. D) Protein expression following siRNA depletion of BAP1, ASXL1 and 
ASXL2 in LF1 human fibroblasts. E) Depletion of endogenous BAP1 using siRNA in U2OS cells 
stably expressing empty vector, siRNA-resistant BAP1 wild-type or siRNA-resistant BAP1 catalytic 
dead mutant (C91S). Protein levels of BAP1 and ASXL2 were detected by immunoblotting. 
Quantification of band intensity was conducted relative to the non-target siRNA control (panels C, D, 
E). F) Immunodepletion of BAP1 or ASXL2 from HeLa nuclear extracts. The nuclear DNA damage 
signaling enzyme, PARP1, was used as a control, which mostly remained in the flow through fraction. 
G) Reconstitution by retroviral infection of H28 mesothelioma and H226 non-small lung carcinoma 
BAP1-deficient cells with BAP1 or BAP1C91S. Protein levels of BAP1 and mutants were detected by 
immunoblotting. H) mRNA of ASXL2 in reconstituted H226 cells was quantified by qPCR. The data 
represent two independent experiments. β-Actin or YY1 are used as protein loading controls. 
Quantification of band intensity was conducted relative to BAP1 transfected samples (panels G). The 
dot and stars indicate a monoubiquitinated form of BAP1 241, and non-specific bands respectively 
(panels, A, B, C, D, E, G).  
 
4.4.3 1191BThe ASXM domain of ASXL1/2 is required for interaction with the CTD of 
BAP1. 
1192B AP1 was shown to interact with the N-terminal region of ASXL1 (1-337 a.a.) 79. To 
identify the exact domain of ASXL1/2 responsible for this interaction, we conducted GST-pull 
down assays and found that in vitro-translated ASXM domain (ASXM1: 253-391 a.a., 
ASXM2: 253-411 a.a. of ASXL1 and ASXL2 respectively) interacted with GST-BAP1 (Fig. 
4.3A, B). To gain insights into the significance of the BAP1/ASXL1/2 interactions, we 
generated ASXL1/2 expression constructs lacking the BAP1-interacting domain 
(ASXL1/2ΔASXM). As expected, following transfection, protein levels of ASXL2ΔASXM, but not 
ASXL1ΔASXM, were reduced in comparison to their wild type counterparts (Fig. 4.3C). Of note, 
the polypeptides encoded by the ASXL1/2 constructs were essentially nuclear (Fig. 4.3D). 
GFP-PAR-4 fusion protein which localizes in both the cytoplasm and the nucleus was 
included as a control 446. Next, after adjusting the amounts of transfected plasmids to obtain 
comparable expression of the wild type and mutant forms of ASXL1/2, we found that the 
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ability of ASXL1/2 mutants, lacking their respective ASXM domain, to interact with BAP1 
and to form protein complexes in vivo was strongly reduced (Fig. 4.3E). 
 
 
 
 
 
 
 
 
 
 
 
 
751BFigure 4.3. ASXM of ASXL1/2 is required for interaction with BAP1. 
752BA) Schematic representation and conservation of ASXL1/2. B) GST-pull down assay using GST-BAP1 
and methionine S35-labeled ASXL1 or ASXL2 fragments. The arrows indicate the full length forms of 
the fragments. C) ASXM is required for ASXL2, but not ASXL1, stability. Flag-ASXL1/2 and their 
respective Flag-ASXL1/2 ΔASXM mutants (3 µg each) were transfected in 293T cells which were 
harvested, three days post-transfection, for immunoblotting. A duplicate of transfection is shown for 
Flag-ASXL1/2 ΔASXM mutants. D) U2OS cells were transfected with either Myc-ASXL1 (4 µg), 
Myc-ASXL1 ΔASXM (4 µg), Myc-ASXL2 (4 µg), or Myc-ASXL2 ΔASXM (4 µg) along with GFP-
PAR4 (0.5 µg). Three days post-transfection, cells were harvested for Immunostaining using the 
indicated antibodies. The cells overexpressing the different forms of ASXL1/2 were encircled. E) 293T 
cells were transfected with Myc-ASXL1 (4 µg), Myc-ASXL1 ΔASXM (4 µg), Myc-ASXL2 (4 µg), or 
Myc-ASXL2 ΔASXM (6 µg), along with BAP1 (1 µg) vectors and harvested, three days post-
transfection, for IP with anti-Myc. The dot indicates a monoubiquitinated form of BAP1 (panel E) 241. 
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1193B AP1 contains an Ubiquitin Carboxyl Hydrolase (UCH) catalytic domain and a 
Coiled-Coil motif (CC1) in the N-terminal region, as well as a C-Terminal Domain (CTD) 
containing a second Coiled-Coil motif (CC2) 226,234,241 (Fig. 4.4A). This DUB also possesses a 
big middle region (MR), that contain the HBM and other protein interaction motifs, separating 
UCH/CC1 from the CTD, 226,234,440,447. We found that only GST-tagged fragments of BAP1 
containing an intact CTD interacted with ASXM domains of ASXL1/2 (Fig. 4.4B). These 
results indicate that ASXL1/2 use the ASXM domain to interact with the CTD of BAP1. To 
provide further insights into ASXL1/2/BAP1 interactions, we constructed BAP1 mutants 
disrupted in the CTD region (Fig. 4.4C). The BAP1ΔCTD1 represents a deletion of CTD except 
for the KRKKFK putative nuclear localization signal 236. The BAP1ΔCTD and BAP1ΔCC2 
represent a complete deletion of the CTD and CC2, respectively. Supporting our finding 
reported above, we noticed that disruption of CTD resulted in decreased BAP1 protein levels 
(Fig. 4.4D). We also generated HeLa cell lines stably expressing BAP1wild type or its mutant 
form lacking most of the CTD, BAP1ΔCTD1, and use them for complex purification. To enable 
meaningful comparisons, the eluted complexes were adjusted by immunoblotting for similar 
amounts of BAP1 protein prior to silver staining. This revealed that BAP1 and BAP1ΔCTD1 
complexes were quite similar in protein composition (Fig. 4.4E). However, immunoblotting 
analysis showed that the interaction between BAP1ΔCTD1 and ASXL1/2 was abolished (Fig. 
4.4E). In contrast, association of BAP1ΔCTD1 with HCF-1/OGT remained unchanged in 
comparison to the wild type variant. Altogether, these results indicate that CTD and ASXM 
domains are necessary and sufficient for assembly of BAP1/ASXL1/2 complexes. 
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1256BFigure 4.4 BAP1 interacts with ASXL1/2 via its CTD domain. 
 
1257BA) Schematic representation of the BAP1 fragments used for in vitro pull down in panel B. B) GST-
pull down assay using GST-BAP1 fragments and methionine S35-labeled ASXM domains of ASXL1 or 
ASXL2. The arrows indicate the full length forms of the fragments. C) Schema of the different 
deletions in the CTD domain used to generate BAP1 mutants. BAP1ΔCTD1 represents a deletion of the 
CTD from 635 up to 693 amino acids except the KRKKFK motif which is suggested to function as an 
NLS 236. We also generated a BAP1ΔCTD which represents a mutant with a deletion of the CTD domain 
(Δ631-693 amino acids). BAP1ΔCC2 represents a mutant with a smaller deletion within the CTD domain 
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(Δ635-655 amino acids). D) A functional CTD is required for proper protein stability of BAP1. Protein 
expression levels of BAP1 and its CTD deletion mutant form in stable HeLa S cell lines (Top panel). 
Myc-BAP1, Myc-BAP1 ΔCTD expression constructs (3 µg each) were transfected in 293T cells, 
which were harvested, three days post-transfection, for immunoblotting (Bottom panel). E) Left panel, 
silver stain of the immunopurified BAP1 and BAP1ΔCTD1 complexes. Right panel, western blot 
detection of components of the BAP1 complexes. The high and low arrows indicate the position of 
ASXL2 and BAP1 (WT and BAP1ΔCTD1) respectively. β-Actin or YY1 are used as protein loading 
controls. The dot indicates a monoubiquitinated form of BAP1 (panel D) 241. 
4.4.4 1194B AP1 is a major DUB for H2Aub K119 and its enzymatic activity is ASXM-
dependent. 
1195BSeveral DUBs including BAP1 were reported to target H2Aub K119 in mammals 
182,448. However, the relative contribution of each enzyme in H2A deubiquitination in vivo 
remained unknown. We conducted an siRNA screen using a library that covers the human 
DUB repertoire by analyzing the global increase of H2Aub using an in-cell western assay. 
Depletion of BAP1 produced the most significant increase of H2Aub, indicating that this 
enzyme is a major DUB for this histone modification under normal growth conditions (Fig. 
4.5A). To investigate how ASXL1/2 regulate mammalian BAP1 DUB activity in vivo, we 
conducted RNAi-mediated depletion of these factors, and found that neither ASXL1 nor 
ASXL2 individual knockdown induced noticeable changes in global H2Aub levels (Fig. 4.5B, 
4.5C). However, combined knockdown of ASXL1 and ASXL2 resulted in significant increase 
of H2Aub, similar to the effect induced by BAP1 depletion (Fig. 4.5B). This prompted us to 
determine the respective contribution of ASXL1 and ASXL2 to the H2A DUB activity of 
BAP1. A striking BAP1-mediated deubiquitination of H2A was observed upon its co-
expression with either ASXL1 or ASXL2, and this effect was dependent on BAP1 catalytic 
activity (Fig. 4.5D). Consistent with our mapping analysis, ASXL1 and ASXL2 lacking 
ASXM were unable to stimulate H2A deubiquitination (Fig. 4.5E). In addition, we purified 
monoubiquitinated nucleosomal Flag-H2A, from 293T cells, that we used for in vitro DUB 
assay and found that ASXM1 or ASXM2, but not GST-CTD used as a control, are sufficient 
for stimulating BAP1-mediated deubiquitination of H2A (Fig. 4.5F). Based on these results, 
we concluded that interaction between ASXL1/2 and BAP1 require ASXM, and the latter is 
necessary and sufficient for promoting BAP1-mediated deubiquitination of its physiological 
substrate H2Aub K119. 
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1258BFigure 4.5. ASXM of ASXL1/2 stimulates BAP1 DUB activity. 
1196BA) siRNA screen for DUBs that coordinate H2Aub levels. Following transfection with siRNA DUB
library, HeLa cells were fixed and immunostained for H2Aub K119 (H2Aub). The fluorescence signal
was determined and the values used to derive the Z-scores. B) Knockdown of BAP1 or concomitant
Knockdown of ASXL1 and ASXL2 induces a significant increase of the global level of H2Aub. U2OS
cells were transfected with siRNA as indicated and harvested four days post-transfection for
immunoblotting using the indicated antibodies. Quantification of band intensity for H2Aub was
conducted relative to the non-target siRNA control (siNT). C) Increase of H2Aub levels following
BAP1 depletion is not due to a global increase of H2A. U2OS cells were transfected with siRNA of
BAP1, ASXL1 and ASXL2 and harvested, four days post-transfection, for immunoblotting using the
respective antibodies. Tubulin was used a loading control for soluble proteins and histone H3 as a
loading control for histones levels. Quantification of band intensity for H2Aub was conducted relative
to the non-modified histone H2A and the values were then normalized to the non-target siRNA control
(siNT). D) ASXL1/2 promote BAP1 DUB activity toward H2Aub in vivo. U2OS cells (top panel) or
293T cells (bottom panel) were transfected with either Myc-BAP1 (0.5 µg) or Myc-BAP1 C91S (0.5
µg) expression constructs in the presence or absence of Flag-ASXL1/2 (4 µg) expression constructs.
Three days post-transfection, cells were harvested for Immunostaining using the indicated antibodies.
The cells overexpressing BAP1 and BAP1C91S were encircled. Note that the transfections were
conducted with plasmid ratios optimized to ensure that most BAP1 transfected cells also express
ASXL1 or ASXL2. Cells overexpressing BAP1 were counted for change in H2Aub signal. The
percentages at the right of the panel represent the number of cells showing very low signal of H2Aub
versus the total number of BAP1 expressing cells. E) 293T cells were transfected as indicated using
Flag H2A (0.2 µg), BAP1 (1 µg), Myc-ASXL1 (4 µg) or Myc-ASXL1 ΔASXM (4 µg) vectors (left
panel); Myc-ASXL2 (4 µg) or Myc-ASXL2 ΔASXM (6 µg) vectors (right panel) and harvested, three
days later, for immunoblotting. F) In vitro DUB assay of nucleosomal H2A using recombinant His-
BAP1 (8 ng, 2 pM) in presence of increasing amounts of recombinant GST-CTD, GST-ASXM1 or
GST-ASXM2 (0.6 pM, 1.2 pM, 2 pM and 4 pM). β-Actin, Tubulin or YY1 were used as loading
controls.
4.4.5 1197BIdentifications of domains and motifs in ASXM required for promoting ubiquitin 
binding and DUB activity towards histone H2A of BAP1. 
1198BTo further dissect the mechanism of H2A deubiquitination by BAP1, we conducted 
ubiquitin pull down assays and found that ASXM2 strongly enhanced BAP1 binding to 
ubiquitin (Fig.4.6A). ASXM2 alone can directly bind ubiquitin, but this interaction was weak 
as an enrichment of about two-folds above the background was observed (Fig. 4.6A). ASXM1 
also promoted BAP1 binding to ubiquitin in a similar manner as ASXM2 (Fig. 4.6B). Since 
ASXM1 and ASXM2 domains acted similarly in promoting BAP1 binding to ubiquitin and 
DUB activity, we selected ASXM2 for further studies. Sequence alignment of ASXL proteins 
indicated that the ASXM domain is highly conserved (Fig. 4.6C). We generated several 
constructs encompassing several regions and conserved motifs of ASXM2 (Fig. 4.6C). We 
found that the 246-347 a.a. region interacted with BAP1 as efficiently as the full length 
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ASXM2 (246-401 a.a.), while no interaction was observed for the 316-401 a.a. region (Fig. 
4.6D). The 246-313 a.a. and 300-401 a.a. regions interacted only poorly with BAP1. These 
results suggest that critical interaction motifs are located within or overlapping with the 300-
347 a.a. region (Fig. 4.6D). Only the full length ASXM2 and the 246-347 a.a. fragment, that 
strongly interacted with BAP1, promoted its binding to ubiquitin and DUB activity.  
Nonetheless, we noted that the 246-347 a.a. fragment was significantly less competent in 
promoting BAP1 binding to ubiquitin which could explain its weakness in promoting 
deubiquitination (Fig. 4.6D,E). Next, we generated discrete mutations of several highly 
conserved residues of ASXM2 (Fig. 4.6C), and found that ASXM2 interaction with BAP1 and 
ubiquitin binding are maintained for most mutants except for the LLLL303-306AAAA 
hydrophobic stretch mutant which essentially lost its interaction with BAP1 (Fig. 4.6F,G). As 
expected, the LLLL303-306AAAA mutant failed to stimulate DUB activity (Fig. 4.6H). 
Interestingly, while the L286A and NN328-329AA mutants were essentially equally efficient 
in promoting BAP1 binding to ubiquitin, their ability to deubiquitinate H2A was significantly 
different (Fig. 4.6G,H). 
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1259BFigure 4.6. ASXM enhances BAP1 binding to ubiquitin. 
 
753BA) Recombinant His-BAP1 (1.6 µg, 20 nM) and MBP-ASXM2 (2 μg, 30 nM) were incubated with 
either GST or GST-Ubiquitin-Agarose beads (3 µg, 80 nM) and the pulled down fractions were 
analysed by immunoblotting. B) Recombinant His-BAP1 (1.6 µg, 20 nM) and GST-ASXM1 or GST-
ASXM2 (2 μg, 40 nM) were incubated with ubiquitin-agarose beads and the pulled down fractions 
were analyzed by immunoblotting. C) Multiple sequence alignment between the ASXM domains of 
human ASXL1/2, Drosophila ASX and other paralogs and orthologs of ASX. The mutants of ASXM2 
including the cancer-associated mutants used in panels F, G, H and Fig.9 are shown. D) GST pull 
down interaction assay and in vitro DUB reactions of H2A using His-BAP1 and GST-ASXM2 (full 
length and deletion mutant forms). For the pull down assay, His-BAP1 (1.6 µg, 20 nM) was incubated 
with GST-ASXM2 (2 μg, 40 nM) or the different fragment of GST-ASXM2 (2 μg, 50 nM). His-BAP1 
(8 ng, 2 pM) and the different recombinant ASXM2 fragments (10 ng, 4 pM) were used for the DUB 
reactions. E) His-BAP1 (1.6 µg, 20 nM) and the different GST-fused fragments of ASXM2 (2 μg, 40 
nM) were subjected to ubiquitin-Agarose pull down assay followed by immunoblotting. F) MBP-pull 
down interaction assay using recombinant MBP-ASXM2 (full length and mutant forms) (2 μg, 30 nM) 
and His-BAP1 (1.6 µg, 20 nM). G) GST-Ubiquitin pull down assay using MBP-ASXM2 full length 
and the different mutant forms with His-BAP1. The pull down was done as in (A). H) In vitro DUB 
reactions of H2A using His-BAP1 (8 ng, 2 pM) and the different recombinant MBP-ASXM2 (10 ng, 
2,8 pM). 
4.4.6 1199BIntramolecular interactions in BAP1 create an ASXM-dependent Composite 
Ubiquitin Binding Interface (CUBI) and enable DUB activity. 
1200BThe CTD of BAP1 is necessary and sufficient for the interaction between BAP1 and 
ASXL1/2 (Fig. 4.4). This domain also engages an intramolecular interaction with both the 
CC1 and the UCH domains in order to ensure BAP1 auto-deubiquitination and proper nuclear 
localization 241. Hence, we sought to test whether this intramolecular interaction in BAP1 is 
necessary for ASXM stimulation of ubiquitin binding and DUB activity. Indeed, as is the case 
for BAP1ΔUCH or BAP1C91S, BAP1ΔCTD was unable to deubiquitinate H2A following 
incubation with ASXM2 (Fig. 4.7A,B). BAP1ΔCTD or BAP1ΔCC2 mutants were also incapable 
of deubiquitinating H2A in the context of BAP1 protein complexes in vitro (Fig. 4.7C), As a 
control, BAP1ΔHBM complexes were competent in promoting DUB activity (Fig. 4.7D), as 
previously shown 250. BAP1ΔCTD was also unable to promote BAP1 DUB activity in vivo when 
expressed with either ASXL1 or ASXL2 (Fig. 4.7E). In addition, while ASXM2 promoted 
binding to ubiquitin of both BAP1 and BAP1C91S, this domain failed to enhance ubiquitin 
binding of BAP1ΔCTD or BAP1ΔUCH (Fig. 4.7F). ASXM2 only partially promoted BAP1ΔCC1 
binding to ubiquitin (Fig. 4.7A,F), and this mutant is completely inactive in H2A 
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deubiquitination (Fig. 4.7B). Thus, ASXM2 requires intramolecular interactions between 
multiple domains of BAP1 to promote ubiquitin binding and catalysis. 
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1260BFigure 4.7. Intramolecular interaction in BAP1 is required to create an ASXM-inducible 
composite ubiquitin binding interface (CUBI). 
 
1261BA) Schematic representation of the different BAP1 mutants generated for in vitro experiments done in 
panel B. B) In vitro DUB reaction of nucleosomal H2A using His-BAP1 or its mutant forms (8 ng, 2 
pM) in presence or absence of MBP-ASXM2 (10 ng, 2,8 pM). C-D) In vitro deubiquitination assay of 
nucleosomal histone H2A using purified Flag-HA BAP1, BAP1
ΔCTD1 
or BAP1
ΔCC2
 complexes. 
BAP1
ΔHBM
 was used as a control since HCF-1 is not required for BAP1 DUB activity. E) In vivo DUB 
activity of BAP1
ΔCTD 
is abolished due to the lack of interaction with ASXL1/2. Flag-H2A (0.2 µg) 
expression construct was co-expressed in 293T cells with either Myc-BAP1 (1 µg) or Myc-BAP1 
ΔCTD (1 µg) with or without Myc-ASXL1 (4 µg) or Myc-ASXL2 (6 µg) expression constructs. Three 
days post-transfection, cells were harvested for immunoblotting. YY1 is used as a loading control. F) 
His-BAP1 mutants (1.6 µg, 20 nM) and MBP-ASXM2 (2 μg, 30 nM) were subjected to GST-Ubiquitin 
pull down assay followed by immunoblotting. 
 
1201BIn contrast to the CC1 and CTD in BAP1, the corresponding domains in UCH37, helix 
α7 and ULD respectively, are contiguous (Fig. 4.8A, left panel) 449. Nonetheless, co-
crystallization of UCH37 of the worm Trichinella spiralis (tsUCH37) with ubiquitin indicated 
an intramolecular interaction similar to the one observed in BAP1 449. In addition, R261 and 
Y262 a.a. residues of the ULD establish direct contacts with ubiquitin K48 and Q49/R72, 
respectively 449. Molecular dynamics simulation suggested that E265 and N272, part of a non-
crystalized extension of the ULD, might also bind R42 and D52 of ubiquitin, respectively 449. 
R261, Y262, E265 and N272 are essentially conserved in BAP1 and correspond to K659, 
F660, D663 and N670, respectively (Fig. 4.8A, right panel). Thus, we were prompted to test 
whether the CTD is sufficient for binding ubiquitin in solution. We found that the CTD weakly 
interacted with ubiquitin, as a signal above the background was consistently observed (Fig. 
4.8B). Importantly, mutation of ubiquitin R42/Q49/D52/R72 residues (we termed the RQDR 
charged patch), involved in binding the tsUCH37 ULD, reduced this interaction (Fig. 4.8B,C). 
Moreover, mutation of the RQDR patch also abolished ubiquitin binding by the 
BAP1/ASXM2 complex (Fig. 4.8D). Also, ubiquitin binding by BAP1/ASXM2 is completely 
abrogated by mutating the VLI, Ile36 and Il44 hydrophobic patches of ubiquitin, which are 
involved in binding by the UCH domain 449-451 (Fig. 4.8C,D). These data indicate that the 
hydrophobic and the charged RQDR patches are necessary to ensure strong ubiquitin binding 
by the BAP1/ASXM2 complex. Finally, mutation of the TEK box, Phe4 patch or D58 did not 
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affect ubiquitin binding by BAP1/ASXM2 (Fig. 4.8C,D). We concluded that ASXM induces 
the assembly of a composite ubiquitin binding interface (CUBI) that requires catalytic and 
non-catalytic domains of BAP1 and involves multiple patches of ubiquitin. 
 
 
1262BFigure 4.8. BAP1 CTD is an ubiquitin-interacting domain. 
 
1263BA) Comparison between BAP1 and UCH37. tsUCH37 of the worm Trichinella spiralis whose crystal 
structure was recently reported (38), was aligned with human UCH37 and BAP1. The functional 
conserved domains between BAP1 and tsUCH37 are shown in the left panel. The alignment (right 
panel) show conserved motifs and residues in the UCH, CC1 and CTD domains. The mutants of BAP1 
including the cancer-associated mutants used in Fig. 9 are shown. Note the presence in the CTD of the 
cancer mutant BAP1R666-H669 with a deletion of the R666 to H669 amino acids. B) MBP-CTD (3 μg, 40 
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nM) of BAP1 was subjected to GST-Ubiquitin pull down assay using GST-Ubiquitin wild type or its 
mutant forms (3 μg, 80 nM) (all residues were converted to alanines) and then analysed by 
immunoblotting. C) Ubiquitin structure showing the various interaction interfaces. D) GST-Ubiquitin 
pull down interaction assays using GST-Ubiquitin wild type or its different mutant forms (all residues 
of each path were converted to alanines) and His-BAP1 with MBP-ASXM2 followed by 
immunoblotting. The pull down was done as in Fig. 4.7F. 
 
4.4.7 1202BCancer-derived mutations abolish BAP1 interaction with ASXL1/2, ubiquitin 
binding and DUB activity. 
1203BWe asked whether tumor-associated mutations of BAP1 result in selective loss of 
interaction with ASXL1/2 and ubiquitin binding and catalysis. Based on our data and 
tsUCH37-ubiquitin co-crystal structure 449, we analyzed the previously reported cancer 
mutation landscape of BAP1 (cBioPortal for Cancer Genomics and COSMIC cancer 
databases), notably in solid tumors (e.g. uveal melanoma and renal cell carcinoma) and 
selected several mutations within or near its UCH (E31K, Y33D), CC1 (L230Q, Q253K) and 
CTD (K656N, K658R, D663H, R666-H669) domains 231,250 (Fig. 4.8A). We also included 
additional mutations, not found in cancer, but corresponding to highly conserved amino acids 
in the vicinity of these cancer mutations (F228A, N670A) (Fig. 4.8A). We co-expressed these 
BAP1 mutants with ASXL2 and found that most mutations did not significantly affect protein 
interactions except for the R666-H669 mutant whose interaction with ASXL2 is strongly 
reduced (Fig. 4.9A). It is worth mentioning that although BAP1 and ASXL2 are overexpressed 
in 293T cells, reduced protein levels of R666-H669 mutant are still observed (Fig. 4.9A). In 
vitro ubiquitin pull down interaction assays revealed that E31K and Y33D mutations in the 
UCH domain result in a reduced binding of BAP1/ASXM2 to ubiquitin (Fig. 4.9B). 
Significantly, several mutants in other domains, e.g., F228A, L230Q, K658R and R666-H669 
strongly affected BAP1/ASXM2 ability to bind ubiquitin (Fig. 4.9B). Most BAP1 mutants 
were also significantly disrupted in their ability to deubiquitinate H2A (Fig. 4.9B). 
Interestingly, the D663H mutant was essentially efficient in binding ASXM2 and ubiquitin but 
failed to promote efficient DUB activity. Since the deletion of amino acids R666-H669 
(hereafter BAP1R666-H669) abolished interaction with ASXL2, ubiquitin binding and DUB 
activity, we selected this mutant for further biochemical and functional studies. Of note, 
BAP1R666-H669 is expressed predominantly in the nucleus (Fig. 4.9C). We generated HeLa cells 
stably expressing Flag-HA-BAP1R666-H669 and conducted immuno-affinity purification of DUB 
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complexes. After adjusting for similar amounts of immunopurified BAP1 we conducted silver 
staining of the eluted material. This indicated that R666-H669 mutation did not change the 
overall composition of BAP1 complexes as compared to the wild type, except for missing 
ASXL2 band in the purified BAP1R666-H669 complexes (Fig. 4.9D, left panel). ASXL1 co-
migrates with other high M.W. proteins, and could not be discerned as a distinct band. 
Strikingly, western blot analysis of the complexes indicated that BAP1R666-H669 does not 
interact with ASXL1/2, whereas interaction with HCF-1/OGT were not affected (Fig. 4.9D, 
right panel). Moreover, the purified BAP1R666-H669 complex was unable to deubiquitinate 
nucleosomal histone H2A (Fig. 4.9E, left panel), or to bind ubiquitin in vitro (Fig. 4.9E, right 
panel). Concordant with this data, neither full length ASXL1 nor ASXL2 are capable of 
stimulating DUB activity by BAP1R666-H669 in vivo (Fig. 4.9F). To further investigate the 
disruption of BAP1/ASXL2 DUB activity in cancer, we selected several reported cancer-
associated point mutations in ASXM2 (Fig. 4.6C), especially in solid tumors (e.g. breast 
carcinoma and colorectal adenocarcinoma), and found that these mutations did not disrupt 
ASXM2 interaction with BAP1 (Fig. 4.9G). The BAP1/ASXM2 complex with P274L 
mutation showed reduced binding to ubiquitin, while the ability of other mutants to bind 
ubiquitin was essentially unaffected (Fig. 4.9H). Finally, three of these mutants (P274L, 
E330Q, F331L) showed reduced DUB activity toward H2A indicating that ASXL2 is also 
targeted by mutations that inhibit the enzymatic activity of the complex (Fig. 4.9I). Altogether, 
these results indicate that several cancer-associated mechanisms target the BAP1/ASXL2 
complexes inducing loss of ubiquitin binding and DUB activity. 
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Figure  4.9. Disruption of BAP1 ubiquitin binding and DUB activity by cancer-associated 
mutations of BAP1 and ASXL2. 
 
1204BA) R666-H669 BAP1 cancer mutation abolishes its interaction with ASXL2. Myc-ASXL2 (6 µg) 
construct was co-transfected in 293T with either Flag-BAP1, Flag-BAP1 C91S or Flag-BAP1 mutants 
constructs (1 µg) and cells were harvested for Flag IP of BAP1 followed by immunoblotting. B) 
Ubiquitin pull down and in vitro DUB assays of nucleosomal H2A using GST-ASXM2 and His-BAP1, 
His-BAP1C91S or the different recombinant mutant forms of BAP1. The same amounts of recombinant 
proteins as presented in Fig. 4.5, 4.6 and 4.7 were used for the in vitro reactions. C) U2OS cells were 
transfected with either Myc-BAP1 (4 µg) or Myc- BAP1 R666-H669 (4 µg) along with GFP-PAR4 
(0.5 µg). Three days later, cells were harvested for immunostaining using the indicated antibody. Cells 
expressing BAP1 or BAP1R666-H669 were encircled. D) BAP1 complexes were purified from HeLa cells 
stably expressing Flag-HA-BAP1 or Flag-HA-BAP1R666-H669. Left panel, silver stain shows the profiles 
of the complexes. Right panel, western blot detection of the major components of the BAP1 
complexes. The high and low arrows indicate the position of ASXL2 and BAP1 respectively. E) In 
vitro DUB assay of nucleosomal H2A (top panel) and Ubiquitin pull down assay (bottom panel) using 
BAP1 and BAP1R666-H669 complexes. F) R666-H669 BAP1 cancer mutation results in the abrogation of 
its DUB activity in vivo. Flag-H2A (0.2 µg) construct was co-expressed in 293T cells with either Myc-
BAP1 (1 µg) or Myc-BAP1 R666-H669 (1 µg) with or without Myc-ASXL1 (4 µg) or Myc-ASXL2 (6 
µg) expression constructs. Three days post-transfection, cells were harvested for immunoblotting. G) 
His-BAP1 (1.6 µg, 20 nM) and MBP-cancer associated mutants forms of ASXM2 (2 µg, 30 nM) were 
subjected to MBP pull down interaction assays. H-I) His-BAP1 and MBP-ASXM2 mutants were 
subjected as done in Fig. 4.6, 4.7 and 4.8 to GST-Ubiquitin pull down assay (H) and in vitro DUB 
assay using nucleosomal H2A (I). The reactions were analyzed by immunoblotting. YY1 is used as a 
loading control. The dot indicates a monoubiquitinated form of BAP1 241 (panels D, E). 
 
4.4.8 1205B AP1/ASXL1/2 axis is required for proper cell cycle progression. 
1206BWe enquired to determine the biological significance of BAP1/ASXL1/2 interactions. 
Since BAP1 knockdown delays cell proliferation in multiple cell types 227,234,435, we sought to 
determine whether ASXL1/2 and BAP1 interactions influence cell cycle progression. We 
generated U2OS cells stably expressing comparable levels of siRNA-resistant BAP1, 
BAP1C91S or BAP1R666-H669 (Fig. 4.10A), and conducted RNAi depletion of endogenous BAP1. 
Cells were then synchronized in early S phase using double thymidine block and released in 
the cell cycle. As expected, in the empty vector cells, depletion of endogenous BAP1 delayed 
S phase progression. While re-expression of BAP1 rescued the defect induced by knockdown 
of endogenous BAP1, this was not observed with BAP1C91S nor BAP1R666-H669 (Fig. 4.10B). In 
addition, expression of BAP1C91S or BAP1R666-H669 significantly affected the ability of U2OS 
cells to be synchronized (Fig. 4.10B). Similar cell cycle defects were also observed following 
expression of BAP1 lacking CTD, BAP1ΔCTD (Fig. 4.10C). The increase of H2Aub levels 
following knockdown of BAP1, was prevented by re-expression of wild type BAP1, but not 
169 
by BAP1R666-H669 or BAP1C91S mutants (Fig. 4.10A). We note that the higher levels of H2Aub 
in U2OS expressing BAP1C91S might result from a dominant negative effect on endogenous 
BAP1. Next, re-introduction of BAP1, but not the BAP1R666-H669 nor the BAP1C91S in the 
BAP1-deficent lung carcinoma cell line H226 promoted substantial H2A deubiquitination 
(Fig. 4.10D, top panel). In addition, unlike the wild type BAP1, which strongly inhibited cell 
proliferation as previously observed 236, the BAP1R666-H669 mutant only partially inhibited cell 
proliferation (Fig. 4.10D, bottom panel). Thus, physical interaction between ASXL1/2 and 
BAP1 and DUB activity are required for proper coordination of cell cycle progression. 
1207B 
Figure 4.10. BAP1 regulates cell cycle progression in CTD-dependent manner. 
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1265BA) Protein levels following depletion of endogenous BAP1 using siRNA in U2OS cells stably 
expressing siRNA-resistant BAP1, BAP1C91S or BAP1R666-H669. B-C) Mutations of CTD disrupts BAP1 
function in regulating cell proliferation. Following siRNA for endogenous BAP1, U2OS cells stably 
expressing siRNA-resistant BAP1, BAP1C91S, BAP1R666-H669 or BAP1ΔCTD were synchronized by double 
thymidine block at the G1/S boundary and released 7 hours to progress through S phase and were then 
subjected to FACS analysis. D) H226 BAP1-null cells stably expressing BAP1, BAP1C91S or BAP1R666-
H669 was analysed by immunoblotting (top panel). Similar numbers of cells were plated and cultured for 
5 days prior staining with crystal violet dye (bottom panel). YY1 and β-Actin were used as a protein 
loading controls. The dot indicates a monoubiquitinated form of BAP1 241 (panels A, D).  
 
4.4.9 1208BEnforced expression of BAP1 or ASXL2 induce cellular senescence and the 
p53/p21 tumor suppressor pathway in CTD/ASXM-dependent manner. 
1209BCellular senescence-associated cell cycle exit is a potent tumor suppressor mechanism. 
Since we established that BAP1 function is coordinated with ASXL1 and ASXL2 in regulating 
cell cycle progression, we were prompted to determine if BAP1/ASXL1/2 might influence 
cellular senescence. Of note, PcG proteins, notably BMI1, are known to be involved in 
senescence 452-454. Of note, PcG proteins, notably BMI1, are known to be involved in 
senescence 452-454. Therefore, we evaluated whether enforced expression of BAP1, trigger 
senescence in the normal diploid human fibroblasts IMR90 cell line model. Strikingly, 
retroviral overexpression of BAP1 reduced cell proliferation and induced senescence-
associated β-galactosidase (SA-β-gal) activity (Fig. 4.11A,B). Interestingly, overexpression of 
BAP1C91S mutant also induced senescence with a more pronounced effect than the wild type 
form (Fig.4.11A,B). To probe whether this effect is due to BAP1 ability to interact with 
ASXL1/2, we evaluated the effect of BAP1ΔCTD and BAP1R666-H669 on cellular 
senescence. Indeed, these mutations significantly reduced the ability of BAP1 to induce 
senescence (Fig 4.11A,B). Similar effects were observed for the double mutants BAP1C91S-
ΔCTD, although a complete rescue was observed for BAP1C91S-R666-H669 (Fig. 4.11A,B). 
On the other hand, overexpression of ASXL2, but not ASXL1, also strongly induced 
senescence and reduced cell proliferation (Fig. 4.11A,B). Moreover, deletion of ASXM 
(ASXL2ΔASXM) inhibited the senescence-inducing ability of ASXL2, indicating the 
importance of ASXL2-BAP1 interaction in coordinating cellular senescence. 
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Figure 4.11. ASXL2 and BAP1 overexpression induce senescence in an ASXM- and 
CTD-dependent manner respectively. 
1211BA) IMR90 cells were infected using retroviral expression vectors for BAP1, ASXL1, ASXL2 and their 
respective mutant forms. Eight days post-selection the cells were fixed for staining of senescence-
associated β-galactosidase assay (SA-β-gal). B) Cells were also transduced with retroviral expression 
vectors for BAP1, ASXL1, ASXL2 and their respective mutant forms and counted every three days 
after selection to follow cell proliferation. 100 cells were counted in triplicate and data presented as 
percentage of positive cells, average ± SD. C) BAP1 overexpression triggers cellular senescence and 
induces the p53/p21 DNA damage response in ASXL1/2 dependent manner. Eight days post-selection 
the senescent cells were harvested for immunoblotting. Quantification of band intensity was conducted 
relative to the empty vector transduced cells. Tubulin was used as a protein loading controls. The dot 
indicates a monoubiquitinated form of BAP1 241 (panels C).  
 
1212BTo provide further insights into the molecular mechanism that orchestrate BAP1/ASXL2-
mediated senescence, we evaluated the expression levels of known proteins that induce 
cellular senescence upon overexpression of BAP1, BAP1C91S and corresponding mutants (Fig. 
4.11C). We found that, although the effect of BAP1 was less pronounced than the BAP1C91S 
form, overexpression of this DUB induced the p53/p21 tumor suppressor pathway. 
Overexpression of BAP1ΔCTD, BAP1R666-H669, BAP1C91S-ΔCTD or BAP1C91S-R666-H669 did not 
upregulate p53/p21 indicating the requirement for ASXL1/2 in BAP1-mediated senescence 
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(Fig. 4.11C). We also observed a concomitant decrease of CDC6 and pRB following 
overexpression of BAP1 or BAP1C91S, and these effects required interaction with ASXL1/2. In 
contrast, no significant changes were observed on p16INK4a cell cycle inhibitor and the p53 
E3 ligase MDM2. 
1213BAltogether, these results indicate that the fine balance between ASXL1/2 complexes 
and their coordination of BAP1 DUB activity are required for the proper progression of cell 
cycle and tumor suppression. 
 
1214BFigure 4.12.  Model for the regulation of BAP1-mediated deubiquitination by ASXL1/2.  
1215BAn intramolecular interaction involving UCH/CC1 and CTD domains of BAP1 creates an ASXM-
inducible composite ubiquitin binding interface (CUBI) that facilitates ubiquitin binding and catalysis. 
The red stars indicate cancer-associated mutations of BAP1 or ASXM that disrupt the CUBI. 
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4.5  DISCUSSION 
 
1216BWe provided novel insights into the mechanisms by which the DUB activity and 
function of the tumor suppressor BAP1 are coordinated. First, we revealed that BAP1 and 
ASXL1/2 protein levels are tightly regulated by each other. Notably, BAP1 protein levels are 
nearly completely reduced following concomitant depletion of ASXL1 and ASXL2. This 
regulation is highly conserved since, in drosophila, deletion of ASX also destabilized 
dBAP1/Calypso 79. The fact that relatively similar protein amounts of ASXL1 and ASXL2 co-
purified with mammalian BAP1 and that siRNA depletion of either ASXL1 or ASXL2 
reduced BAP1 protein levels by approximately half, it is likely that BAP1/ASXL1 and 
BAP1/ASXL2 complexes coexist in the cells with a similar abundance. These complexes 
might exert distinct functions and/or compete for gene regulatory regions.  We also found that 
depletion or loss of BAP1 destabilized ASXL2, but not ASXL1. These findings demonstrate 
for the first time the importance of complex assembly in maintaining proper protein levels of 
ASXL2, and hence its function in vivo. Thus, developmental or disease-associated inactivation 
or loss of expression of one component would result in a profound functional impact on the 
other partners. Indeed, loss of BAP1 in two tumor types of different histological origins, i.e., 
mesothelioma and non-small lung carcinoma, caused a severe reduction of ASXL2 protein 
levels. A survey of mutations in several cancers shows truncating mutations and deletions of 
BAP1 that would often result in the loss of the CTD and consequently ASXL1/2 interaction. 
Therefore, loss of ASXL2 function is a prevalent event in cancers with BAP1 mutations. 
1217BSimilar to other post-translational modifications, ubiquitin recognition plays important 
roles in ubiquitin-dependent signaling 187. Often, UBDs involve distinct protein domains that 
engage interactions with the hydrophobic patches or other surfaces of ubiquitin and act as 
signal readers 187. Our study revealed that the CTD domain of BAP1 plays a central role in 
coordinating ubiquitin binding and catalysis by BAP1/ASXL1/2 complexes. First, the CTD is 
sufficient for binding a RQDR charged patch of ubiquitin and can be qualified as a bona fide 
UBD. Second, the CTD interacts with the CC1 and the UCH domains 241, and acts to stabilize 
the interaction of the ubiquitin with the catalytic domain. Third, the CTD also strongly 
interacts with ASXM domain, and the latter induces ubiquitin binding by the CUBI and is 
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required for catalysis. We also found that ASXM itself weakly bind ubiquitin, and hence 
probably participate in ubiquitin positioning. Thus, our data support a model whereby UCH, 
CC1, CTD and ASXM domains cooperate in order to generate an interface for stable binding 
with multiple ubiquitin patches, thus facilitating recruitment and specific substrate 
deubiquitination (Fig. 12). In support of our findings on BAP1/ASXL1/2, recent 
crystallography and molecular studies characterized the mechanism of activation of UCH37 by 
RPN13 450,451. The most remarkable similarities with BAP1 are the conserved intramolecular 
interaction between the DEUBAD of RPN13 and the ULD of UCH37 and the stimulatory 
effect of RPN13 at the level of substrate binding. Moreover, highly conserved amino acid 
residues in BAP1 and UCH37, are required for the interaction with the hydrophobic patch of 
ubiquitin. Finally, similar to ASXM, the DEBUAD of RPN13 also establishes a weak 
interaction with ubiquitin 450,451. Thus, BAP1 and UCH37 share a highly conserved mechanism 
of cofactor-mediated DUB activation. Interestingly, INO80 chromatin remodeling factor also 
possesses a DEUBAD, and through molecular mimicry, this domain associates with and 
inhibits UCH37 450,451.  Of note, BAP1 also interacts with INO80 ATPase, a component of the 
INO80 chromatin remodeling complex, and promotes its deubiquitination 439. As INO80G 
(NFRKB) subunit of the complex inhibits UCHL5 through its DEUBAD, it will be interesting 
to determine whether, in specific contexts, this factor could also negatively regulate the DUB 
activity of BAP1. 
1218BOur protein complex purification studies indicated that deletion of BAP1 HBM domain 
does not interfere with BAP1 interaction with ASXL1/2. Conversely, mutation in CTD does 
not impact the interaction of BAP1 with HCF-1/OGT. Moreover, BAP1 complexes lacking 
HCF-1/OGT are competent in deubiquitinating nucleosomal histone H2A indicating that these 
components do not directly participate in ubiquitin binding and catalysis. Taking into account 
that dBAP1/Calypso does not possess the middle region which was acquired later in vertebrate 
evolution 79, HCF1/OGT and ASXL1/2 appear to define two functional axes of the BAP1 
complexes. Notably, HCF-1 recruits chromatin modifying complexes including MLL family 
of histone H3K4 methyltransferases and Sin3/HDAC deacetylase complexes at gene 
regulatory regions 270,288. Thus, HCF1/OGT and ASXL1/2 exert distinct, but likely concerted, 
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functions tethered by BAP1. Indeed, similar to HCF-1 interactions with BAP1 435, ASXL1/2 
association with this DUB also regulates cell proliferation.  
1219BTo establish the significance of BAP1/ASXL1/2 complexes for tumor suppression, we 
conducted RNAi rescue studies, and showed that cancer-derived mutations that directly target 
BAP1/ASXL1/2 interaction result in a loss of DUB activity, increased H2Aub levels and 
deregulation of cell cycle progression. In addition, mutations that directly target the BAP1 
catalytic site are frequently found in cancer 77,231,250, and these mutations also result in 
increased H2Aub levels and deregulation of cell cycle control. These findings highlight the 
importance of the catalytic activity of BAP1/ASXL1/2 complexes for tumor suppression. 
Interestingly, overexpression of BAP1 or its catalytically dead form in primary human 
fibroblasts induced cellular senescence and up regulation of the p53/p21 DNA damage 
response in CTD-dependent manner, although more pronounced effects were observed for the 
catalytic inactive form of BAP1.  It is currently unclear how both catalytically competent and 
inactive BAP1 promote cellular senescence.  Nonetheless, as the catalytic dead BAP1 binds 
ubiquitin, it is possible that these effects are associated mostly with BAP1/ASXL1/2 binding 
to H2Aub rather than catalysis. Deregulation of H2Aub levels or its recognition might cause 
defects in transcriptional events 436, DNA double strand break repair 229 or replication fork 
progression 439, all of which could promote the induction of DNA damage and the p53 
response and lead to genomic instability and cancer development.  While further studies are 
needed to address these possibilities, our findings, nonetheless, suggest that the proper balance 
of BAP1/ASXL1/2 complexes and their coordinated binding to ubiquitinated substrates and/or 
DUB activity are essential for normal control of cell proliferation. Another interesting finding 
is that, overexpression of ASXL2, but not ASXL1, induces senescence in ASXM-dependent 
manner. Taking into account that ASXL2 and BAP1 form an obligate complex, our study 
delineates that ASXL2 plays an important role in regulating BAP1 function in cell 
proliferation. Moreover, a cancer-derived mutation of BAP1 that abolishes its interaction with 
ASXL1/2 prevents cellular senescence, further supporting the notion that the BAP1/ASXL2 
signaling axis is important for tumor suppression.  
1220BAlthough, we cannot exclude that BAP1/ASXL1/2 target other known substrates such HCF-1 
and OGT 230,234, our study and others provide strong support for the role of this DUB in the 
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regulation of H2Aub levels and tumor suppression. Indeed (i) BAP1 was revealed as a major 
DUB for H2A in mammalian cells, (ii) several cancer mutations of BAP1 and ASXL2 target 
the UCH/CC1/CTD/ASXM platform, which is critical for ubiquitin binding and H2A 
deubiquitination, (iii) BAP1 null cancer cells display high H2Aub levels that could be reduced 
following reintroduction of BAP1, but not ASXL1/2 interaction-deficient mutants, (iv) both 
PcG proteins Ring1B and BMI1, two critical components of the PRC1 complex that catalyze 
H2A ubiquitination, regulate cell proliferation and are overexpressed in cancer 455-457. Thus, 
our study provides further insights into the potential involvement of H2Aub in tumorigenes. 
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5 DISCUSSION 
 
Nos études révèlent un lien fonctionnel entre le complexe BAP1, le contrôle de la 
prolifération cellulaire et la tumorigenèse. Comprendre d’avantage comment BAP1 et ses 
partenaires agissent pour moduler la signalisation cellulaire qui gouverne le système de 
l’ubiquitine, nous permettrait d’identifier les faiblesses des cellules cancéreuses ayant perdu ce 
gène suppresseur de tumeurs afin de les cibler avec de nouvelles thérapies personnalisées anti-
cancer.    
5.1 Relation fonctionnelle entre OGT et HCF-1 : 
 
 7Dans le but d’investiguer les mécanismes de coopérations fonctionnelles au sein du 
complexe BAP1, nous avons contribué à élucider un mécanisme unique de régulation entre 
HCF-1 et OGT. OGT et HCF-1 ont déjà été retrouvées associées au sein de plusieurs 
complexes de régulation de la chromatine. Récemment, il a été démontré que ces deux facteurs 
épigénétiques participent avec BAP1 dans le contrôle de la gluconéogenèse230,250,261. 
 De manière significative, nous avons retrouvé que HCF-1 et OGT sont étroitement 
contrôlées l’un par l’autre. Cette co-régulation entre des sous-unités protéiques appartenant à 
un même complexe est un aspect fréquemment retrouvé au sein de complexes de régulateurs 
transcriptionnels à savoir le complexe PRC2 (co-régulation entre SUZ12 et EZH2)  36, le 
complexe PR-DUB (activation de l’activité catalytique entre ASX et Calypso) 79 et même au 
niveau du complexe BAP1 (stabilisation et activation catalytique entre BAP1/ASXL1/ASXL2) 
209. Du fait que la fonction de HCF-1 est généralement attribuée à l’activation 
transcriptionnelle, la façon la plus simple de proposer un mécanisme de régulation de OGT, est 
que le niveau d’expression de celle-ci est modulé au niveau transcriptionnel. Néanmoins, le 
niveau de mRNA de OGT ne change pas suite à la déplétion de HCF-1 par RNAi, et ce dernier 
semble être très faiblement recruté sur le promoteur de OGT. Ce qui est très intéressant, est le 
fait que nous avons pu détecter une mono-et une polyubiquitination de OGT, suggérant que 
celle-ci est sujette à une régulation protéasomale275. De ce fait, en interagissant avec OGT, 
180 
 
HCF-1 pourrait inhiber le recrutement d’une ubiquitine ligase E3 et par conséquent son 
ciblage par le protéasome.  
 
 
5.1.1 La O-GlcNAcylation de HCF-1 est requise pour son clivage protéolytique : 
 
 L’activation de HCF-1 chez les mammifères requiert sa maturation qui consiste en son 
clivage protéolytique. Ce type de modifications post-traductionnelles est un mécanisme de 
signalisation largement adopté au sein des organismes multicellulaires 102,458. En effet, le 
clivage protéolytique module la fonction de plusieurs protéines, notamment les régulateurs 
transcriptionnels. Ainsi, la protéolyse limitée promouvait aussi bien l’activation que 
l’inactivation des substrats cibles. Nous pouvons citer comme exemple, le clivage 
protéolytique au sein de la voie de signalisation canonique de Notch. En effet, le récepteur 
Notch est clivé suite à son activation avec un de ses ligands DSL (Delta-Serrate-LAG2). Cette 
protéolyse est un évènement crucial qui permet la libération du domaine intracellulaire de 
Notch (NICD) et sa translocation vers le noyau afin de participer à l’assemblage de complexes 
transcriptionnels et activer l’expression des gènes cibles 459. Le clivage protéolytique peut 
également se présenter sous la forme d’un auto clivage, requis pour l’activation de la protéine. 
L’activation des caspases suite à l’initiation de la signalisation de l’apoptose conduit à 
l’induction du processus d’autocatalyse afin d’inciter la dimérisation et l’activation de ces 
dernières 460,461. D’autre part, les caspases elles-mêmes catalysent la protéolyse de leurs 
substrats permettant l’enlèvement de motifs ou régions régulatrices et de ce fait leur activation 
ou inactivation 462. 
Ce qui est d’une importance majeure par rapport à notre caractérisation fonctionnelle entre 
OGT et HCF-1 est le fait que nous avons révélé pour la première fois que la O-GlcNAcylation 
de HCF-1 active sa maturation protéolytique. En effet, la déplétion de OGT par siRNA 
provoque une accumulation importante de la forme précurseur de HCF-1 avec une diminution 
considérable des produits de clivage275.  
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1Le HCF-1 humain subit une protéolyse finement contrôlé au sein de son site spécifique de 
clivage, le PPD 275,279,283,284,463,464. De manière intéréssante, HCF-1 est une des protéines les 
plus modifiées par O-GlcNAcylation dans la cellule humaine. On compte plus d’une vingtaine 
de sites susceptibles à être modifiés. La majorité de ces sites se retrouvent au niveau de la 
région N-terminale de HCF-1 et plus précisément au sein du domaine Basic 275. L’implication 
de ces modifications dans la régulation de la fonction de HCF-1 n’est pas connue. En effet, la 
O-GlcNAcylation du domaine N-terminale n’est pas requise pour la maturation protéolytique
de HCF-1 puisque ce processus n’est pas affecté lorsque la région N-terminale de celui-ci est
mutée au niveau de ses sites de O-GlcNAcylation 275. De plus, des études de protéomiques ont
déterminé la présence de plusieurs sites de phosphorylation au niveau de la région N-terminale
de HCF-1. Ces sites sont pour la plupart des sites de O-GlcNAcylation 426,465,466. Il serait
intéressant d’investiguer d’avantage comment ces différentes voies de signalisations régulent
la fonction biologique de HCF-1 en modifiant son domaine N-terminale. Dans le but
d’analyser d’avantage comment la OGT stimule la maturation protéolytique de HCF-1, il a été
important de caractériser leur interaction. Lors de la purification de HCF-1N, une quantité
significative de OGT a été co-purifiée, démontrant que celle-ci interagie avec la région N-
terminale de HCF-1 (HCF-1N) 288. Afin de d’affiner d’avantage l’interaction entre ces deux
protéines nous avons révélé la présence d’un petit fragment nommé OBM (OGT Binding
Motif) au sein du domaine Basic comme premier domaine interagissant avec OGT 275,288. Nous
avons également identifié un deuxième motif de liaison de OGT avec HCF-1 qui se localise au
niveau du PPD. Ce dernier semble être suffisant pour favoriser l’interaction avec OGT qui
elle, admet une affinité beaucoup plus élevée envers le PPD que la région N-terminale. Plus
intéressant encore, nous avons montré que la O-GlcNAcylation du PPD stimule directement le
clivage de HCF-1. Par conséquent la OGT modifie deux régions différentes du HCF-1 (le
domaine N-terminale et le PPD). Il est fort probable que ces évènements de O-GlcNAcylation
de HCF-1 possèdent des effets distincts mais complémentaires dans la régulation de la
fonction de HCF-1.
5.1.2 OGT est-elle la protéase qui clive HCF-1?:  
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 Le mécanisme de la maturation de HCF-1 est un processus qui s’est développé au 
cours de l’évolution. En effet, HCF de la Drosophile subit un clivage protéolytique catalysé 
par la Taspase1 au niveau d’un site de clivage différent du PPD de HCF-1 de l’humain 281,282. 
Le mécanisme de protéolyse de HCF-1 n’a été dévoilé que très récemment et la signification 
biologique de ce processus de maturation reste très peu comprise 275,283,284.  
L’analyse de la séquence protéique de OGT ne suggère pas qu’elle possède une activité 
protéase spécifique. De ceci découle l’hypothèse que le clivage de HCF-1 est une signalisation 
qui nécessite l’implication de plusieurs facteurs notamment, la OGT, l’UDP-GlcNAc et une 
protéase. Toutefois, des travaux récents du groupe de Herr, sont venus proposer pour la 
première fois que OGT elle-même pourrait avoir une activité protéolytique envers le PPD de 
HCF-1. En effet, OGT recombinante purifiée à partir des bactéries était capable de promouvoir 
de manière partielle le clivage protéolytique du PPD qui lui a été obtenu par traduction in vitro 
283. Toutefois, cela n’exclu pas la possibilité d’avoir une contamination par des protéases au 
niveau des préparations bactériennes, qui pourraient favoriser la protéolyse du PPD. De plus, 
afin de valoriser d’avantage ces résultats, un autre travail est apparu ultérieurement du groupe 
de Walker et Herr qui décrit plus en détails le mécanisme de protéolyse du PPD 284. Ils ont 
ainsi pu définir par cristallographie, l’interaction de OGT avec le PPD et ont émis un 
mécanisme biochimique de clivage protéolytique 284. Le scenario de la maturation de HCF-1 in 
vivo peut être complètement diffèrent de ce qui a été déjà reporté in vitro. En effet, des études 
précédentes par le groupe de Kristie et Herr ont proposée que HCF-1 possède une activité 
protéolytique autonome, puisqu’une forme recombinante du PPD de HCF-1 purifiée à partir 
des bactéries était capable de s’auto-cliver en absence de OGT 279,464. Encore plus intéressant, 
l’utilisation d’une série d’inhibiteurs de potéases présentaient un effet mineur sur l’inhibition 
du clivage du PPD suggérant que la O-GlcNAcylation du PPD par OGT engendrerait des 
changements structurels au niveau des séquences répétitives de protéolyse du PPD facilitant 
ainsi le processus de l’autocatalyse. Également, la O-GlcNAcylation du PPD pourrait être un 
signal pour le recrutement d’une nouvelle peptidase.  
 À la lumière de ces évidences, et  afin de caractériser d’avantage le rôle de OGT dans 
l’induction de la maturation du HCF-1, nous avons démontré que le  domaine PPD est 
faiblement clivé lorsqu’il est surexprimé dans les cellules 293T. Plus spécifiquement, le PPD 
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(i) se localise de manière similaire au niveau du cytoplasme et du noyau (ii) interagie avec 
OGT et (iii) permet sa stabilisation et sa séquestration au niveau du cytoplasme sans être 
efficacement clivé. D’autre part, nous avons révélé que la maturation protéolytique du PPD est 
grandement augmentée lorsque celui-ci a été fusionné à une séquence codante pour un signal 
de localisation nucléaire (séquence du SV40 T-large antigen) et a donc été ramené 
massivement au niveau du noyau 275. Inversement, la diminution du niveau protéique de OGT 
par shRNA permet une restauration significative du niveau protéique de la forme complète du 
PPD 275. Tous ces résultats suggèrent que , in vivo, OGT promouvait directement le clivage de 
HCF-1 et que la O-GlcNAcylation du PPD est un signal d’initiation pour sa protéolyse qui 
nécessite la localisation nucléaire de OGT et de HCF-1275,283,284. 
 
5.1.3 Rôle de la maturation de HCF-1 dans le contrôle de sa fonction biologique :  
 
 Ce mécanisme intriguant de protéolyse de HCF-1 est indispensable pour assurer le 
bon fonctionnement de ce cofacteur transcriptionnel. En effet, des travaux antérieurs ont 
démontré que la sous-unité HCF-1 N (Fragments N-terminaux de HCF-1) est requise et est 
suffisante pour promouvoir la transition G1/S du cycle cellulaire alors que la sous- unité HCF-
1 C (Fragments C-terminaux de HCF-1) permet la progression au cours de la mitose et plus 
particulièrement, la bonne élaboration de la cytokinèse 266. Plus spécifiquement, l’utilisation 
d’une forme mutée de HCF-1 dont le PPD a été éliminé par délétion, ne permet pas de corriger 
le déficit de la cytokinèse provoqué par la déplétion de HCF-1 par RNAi. Il n’est toujours pas 
totalement défini comment et pourquoi les fragments N- et C-terminaux de HCF-1 restent 
associés. Récemment une étude structurale de l’association des domaines SAS avec les 
domaines FN3-1 est venue soutenir l’idée que le clivage du PPD semble être requis pour 
assurer l’assemblage de ces deux domaines 257,280. Également, il a été montré que la 
surexpression du HCF-1C permet de corriger les effets des aberrations mitotiques observées au 
niveau de la cytokinèse induites par la déplétion de HCF-1 257. Ceci pourrait suggérer que 
l’interaction SAS/FN3-1 n’est pas requise pour assurer la fonction du HCF-1C mais que l’effet 
inhibiteur attribué par le HCF-1N pourrait être éliminé par la maturation protéolytique de 
HCF-1.    
184 
 
 En vertu de sa fonction particulière d’induction de la protéolyse de HCF-1, OGT 
peut assurer le dosage des niveaux de HCF-1 sous forme de précurseur versus ses produits de 
clivage. Ceci aura pour effet de moduler l’activité de HCF-1 pour la régulation de l’expression 
des gènes cibles, puisque la déplétion de OGT par RNAi stimule l’expression des gènes IE du 
herpes simplex virus-1 (HSV-1) 275.  De plus, Il serait intéressant de definir si la protéolyse 
limitée du PPD coordonnée par son O-GlcNAcylation serait une signalisation qui favoriserait 
un gain ou une perte de certaines fonctions spécifiques du HCF-1, évenements importants pour 
la progression du cycle cellulaire. En effet, la O-GlcNAcylation du HCF-1 pourrait augmenter 
ou inhiber son interaction avec d’autres protéines puisque le HCF-1 N représente une 
plateforme pour des interactions avec différents partenaires. Compte tenu que HCF-1 est une 
protéine très abondante et est impliquée dans le contrôle de plusieurs voies de signalisation 
cellulaires, il serait intéressant de déterminer comment la O-GlcNAcylation de ce cofacteur 
transcriptionnel coordonne sa fonction biologique dans différents contextes physiologiques ou 
même dans des conditions de stress.    
 
5.2 La O-GlcNAcylation fait-elle partie du code des histones? 
 
 
 OGT est un partenaire important du complexe BAP1du fait que (i) OGT régule la 
fonction de HCF-1 en promouvant son clivage protéolytique, (ii) OGT se retrouve associée en 
quantité significativement élevée avec HCF-1 au sein du complexe BAP1 suggérant son 
implication dans la régulation d’autres fonctions de ce complexe (iii) le complexe OGT/HCF-
1/BAP1 est un régulateur majeur de la gluconéogenèse et (iiii) la O-GlcNAcylation émerge 
comme un composant intégral de l’épigénome. De ce fait, nous nous sommes intéressés à 
vouloir démystifier de plus près le lien entre la O-GlcNAcylation et l’ubiquitination dans la 
modulation de différents évènements de signalisations liés à la régulation de la chromatine. De 
manière plus spécifique, la O-GlcNAcylation coordonne plusieurs processus cellulaires 
comme la prolifération cellulaire, la différentiation, l’homéostasie des cellules souches ainsi 
que le maintien de l’empreinte génétique 301,303,308,323,328. Tous ces mécanismes sont finement 
régulés par les protéines Polycombes et de ce fait, ils sont également la cible du complexe PR-
DUB qui est représenté chez l’humain par le complexe BAP1. 
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 Comme il a été mentionné dans l’introduction, la O-GlcNAcylation a été proposée 
comme étant une nouvelle marque épigénétique20,357,360,415. Toutefois, la relation fonctionnelle 
de cette modification avec d’autres modifications épigénétiques comme la phosphorylation, la 
méthylation, l’acétylation ou l’ubiquitination est également très peu analysée 21,346,347. 
Néanmoins, il a été suggéré qu’il existe une coopération entre la O-GlcNAcylation au niveau 
des résidus sérines et thréonines qui ont été proposés à être modifiés et d’autres PTMs des 
histones (phosphorylation de H3S10 et H2B K120ub) pour la régulation de l’expression 
génique20,357,360,415. D’autre part, la majorité des sites de O-GlcNAcylation détectés au niveau 
des histones se retrouvent dans la région globulaire du nucléosome suggérant que cette 
modification pourrait influencer la maintenance de la structure ordonnée de la chromatine. 
Néanmoins, la mutation des résidus des histones qui ont été reportés à être modifiés par O-
GlcNAcylation, diminue très faiblement le niveau global de cette modification au niveau de la 
chromatine soulevant ainsi des doutes quant à l’existence de cette marque épigénétique 21. 
  
 Le domaine de l’épigénétique souffre du manque d’outils sensibles et faciles à 
utiliser pour investiguer différentes voies de signalisation cellulaires gouvernées par                          
la O-GlcNAcylation. Cet obstacle dans l’identification des protéines modifiées par                          
O-GlcNAcylation est principalement dû à deux facteurs qui sont, (1) la stœchiométrie du                          
O-GlcNAc sur les résidus des protéines modifiées qui est très faible et (2) la liaison 
glycosidique entre la molécule du O-GlcNAc et les résidus sérines et thréonines qui est très 
instable durant les processus de fragmentation par spectrométrie de masse 467,468. Différentes 
techniques ont été entreprises afin de détecter et/ou identifier les mêmes ou de nouveaux 
résidus au niveau des histones modifiées par O-GlcNAcylation à savoir, l’utilisation 
d’anticorps dirigés contre le O-GlcNAc (le RL2 et le CTD 110.6), la spectrométrie de masse 
ou encore des approches chimio enzymatiques comme le marquage des protéines par un 
analogue du O-GlcNAc, le GlcNAz (azide-containing GlcNAc analog) 469-471. De plus, il est 
important de noter que l’affinité des deux anticorps, le RL2 et le CTD110.6 envers le O-
GlcNAc est relativement faible. Des travaux ont déjà remis en question la spécificité du CTD 
110.6. Même si celui-ci a été généré contre le peptide CTD de la polII modifié par O-
GlcNAcylation, il admet une affinité assez considérable pour les protéines modifiées par le N-
GlcNAc2 ou le O-mannose 395,396.  
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 Durant notre investigation sur la O-GlcNAcylation des histones, nous avons été 
surpris que n’avons pas été capable de détecter cette modification et ce en adoptant des 
approches multiples déjà élaborées par différents groupes. De plus nous avons été incapables 
de valider la relation potentielle entre la O-GlcNAcylation de H2B S112 et l’ubiquitination de 
H2B K120. Ainsi nos résultats soulèvent des doutes quant à l’occurrence et l’abondance                          
de la O-GlcNAcylation des histones dans les cellules de mammifères. De plus, nous évoquons 
de multiples enjeux concernant les différentes techniques couramment utilisées pour la 
détection de cette modification au niveau des histones. 
 Il est largement admis qu’en général, les anticorps représentent un outil robuste et 
très spécifique pour tous types d’analyses moléculaires. Ainsi, du fait de la faible spécificité 
des anticorps contre le O-GlcNAc, il est important de considérer de développer de nouveaux 
anticorps qui seront spécifiquement dirigés contre des résidus sérines et thréonines modifiés 
par O-GlcNAcylation au niveau des protéines (il s’agirait d’anticorps qui reconnaitraient le O-
GlcNAc dans le contexte d’une séquence peptidique spécifique). Développer ce genre d’outils 
nous permettrait de (i) mieux comprendre la fonction biologique de la O-GlcNAcylation, (ii) 
définir de manière beaucoup plus robuste les événements cellulaires liés à la O-GlcNAcylation 
des régulateurs épigénétiques et ce au cours de processus physiologiques normales (comme la 
prolifération cellulaire, la différentiation, la reprogrammation cellulaire, la sénescence) ou suite 
à des conditions de stress (comme la mort cellulaire ou le stress nutritionnel). Il faut toutefois 
noter qu’en utilisant les anticorps RL2 et anti-H2B S112 O-GlcNAc nous n’avons pas été 
capable de détecter un signal spécifique de O-GlcNAcylation au niveau des histones aussi bien 
au cours du cycle cellulaire que dans des conditions de déprivation de nutriments, (iii) 
comprendre le lien fonctionnel entre la O-GlcNAcylation et les autres marques épigénétiques 
de la chromatine et (iiii) établir le contexte cellulaire spécifique au cours duquel                          
la O-GlcNAcylation des histones pourrait se produire, si elle existe.         
 
5.3 Rôle de la OGT au sein de complexes protéiques de régulations 
épigénétiques 
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 Malgré l’apogée de la O-GlcNAcylation dans la modulation de plusieurs processus 
cellulaires, le lien fonctionnel entre OGT et les différents régulateurs de la chromatine n’est 
qu’à ses débuts.  
 La régulation des protéines par O-GlcNAcylation est un processus qui dépend 
principalement de la disponibilité du O-GlcNAc dans la cellule et de ce fait des différents 
métabolites énergétiques requis pour la production de ce substrat. Les fluctuations de la 
balance énergétique dans les cellules auront donc un impact important dans la régulation 
fonctionnelle des facteurs et cofacteurs transcriptionnels. De manière plus spécifique, du fait 
que OGT est un partenaire important et majeur du complexe BAP1/HCF-1, l’étude de la 
fonction biologique de ce complexe aurait une retombée significative sur la compréhension de 
nombreux mécanismes de régulation transcriptionnelle aussi bien au cours de processus 
physiologiques normales que dans des conditions d’anomalies métaboliques, neurologiques, 
de désordres hématologiques et également au cours du développement de différents types de 
cancers. Ainsi, du fait que le complexe BAP1/HCF-1/OGT est considéré comme un régulateur 
majeur du métabolisme cellulaire, la modulation du niveau de O-GlcNAcylation de HCF-1 
permettrait à celui-ci d’agir comme un senseur métabolique capable de convertir l’état 
énergétique de la cellule en signaux de régulation de l’expression des gènes. De plus, du 
moment que HCF-1/OGT s’associent à d’autres complexes enzymatiques de modification de 
la chromatine à savoir les complexes MLL, les complexes TET2/3, le complexe 
CLOCK/BMAL1, ces régulateurs épigénétiques favoriseraient ainsi le lien entre l’état 
métabolique de la cellule et le contrôle de l’expression des gènes au cours de la différentiation, 
la progression du cycle cellulaire ainsi que la régulation du rythme circadien. La présence 
particulière de OGT dans les complexes TET2/3 souligne un lien important entre la O-
GlcNAcylation et la déméthylation de l’ADN dans la coordination de multiples processus 
cellulaires. 
 Depuis quelques années, les altérations métaboliques prennent de plus en plus 
d’ampleur quant à leur implication dans le développement de plusieurs maladies malignes 
humaines. Les reprogrammations métaboliques constituent un processus nécessaire pour le 
passage de l’état prolifératif normal à la croissance incontrôlée spécifique des cellules 
cancéreuses 333,472-476. De plus, de nombreux gènes suppresseurs de tumeurs et oncogènes sont 
des régulateurs du métabolisme. De manière plus spécifique, les niveaux d’expression de la 
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OGT et la O-GlcNAcylation globale des protéines sont dérégulés dans de nombreux cancers 
comme le cancer du pancréas, du sein et de la prostate 325,477. En effet, diverses études ont 
reportées que les niveaux élevés de O-GlcNAcylation sont à l’origine de l’amplification de la 
prolifération des cellules cancéreuses, de l’angiogenèse tumorale, de l’état métastatique des 
tumeurs ainsi que de la maintenance de la signalisation pro-inflammatoire 299,304,327. Comme il 
a été proposé que OGT régule négativement la voie de signalisation Akt 318, il serait 
intéressant d’investiguer si le complexe BAP1/HCF-1/OGT permettrait de lier les voies 
oncogéniques des récepteurs à activité tyrosine kinases, RTKs (EGFR, HER, Met et  VEGFR) 
à des évènements transcriptionnels.     
 
5.4. Régulation de la déubiquitinase suppressive de tumeurs, BAP1 
 
 
 Les régulations des niveaux d’expression génique et la stabilité protéique constituent 
des processus indispensables pour le control adéquat des fonctions biologiques des 
déubiquitinases. Depuis les dix dernières années, les recherches se poursuivent pour élucider 
les différentes fonctions de ces enzymes. Néanmoins malgré tous ces progrès, les mécanismes 
de régulations de ces enzymes restent très peu compris.  
 Le complexe BAP1 contient plusieurs partenaires qui admettent des activités 
enzymatiques différentes (LSD2, HAT1, OGT et UBE2O) permettant d’intégrer la 
déméthylation, l’acétylation, la O-GlcNAcylation et l’ubiquitination dans la coordination de la 
fonction suppressive de tumeurs de BAP1. Plus particulièrement, nous avons révélé très 
récemment un nouveau mécanisme unique de régulation de BAP1 par son partenaire, 
l’ubiquitine ligase atypique UBE2O. Nous avons démontré que UBE2O multi-monoubiquitine 
BAP1 au niveau de son NLS provoquant ainsi sa séquestration dans le cytoplasme. Grâce à 
son activité d’autodéubiquitination, BAP1 permet de maintenir sa localisation nucléaire 241. De 
plus, nous avons trouvé que des mutations de cancer au niveau du domaine CTD de BAP1 
inhibent son activité auto-catalytique et provoquent sa rétention dans le cytoplasme 241. Ces 
données, décrivent qu’un contrôle harmonieux entre l’ubiquitination et la déubiquitination de 
BAP1 assure une régulation propre de la fonction biologique de cette DUB (Voir Annexe 2). 
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5.4.1 Régulation transcriptionnelle par le complexe multi-protéique BAP1 
 
En tenant compte de la composition très particulière du complexe BAP1, nous pouvons 
suggérer que ce complexe multi-protéique régule différents gènes et ce en fonction de 
l’interaction  de BAP1 avec ses partenaires.  
Récemment, nous avons contribué à la détermination de certains aspects des mécanismes 
d’action de BAP1. Pour démontrer le rôle du complexe BAP1 dans la régulation 
transcriptionnelle, (i) nous avons déterminé pour la première fois que cette DUB forme 
principalement un complexe transcriptionnel multi-protéique formé d’une multitude de 
facteurs et régulateurs transcriptionnels, notamment YY1, HCF-1, FOXK1, FOXK2, ASXL1, 
ASXL2, (ii) BAP1 est majoritairement associé à HCF-1 qui représente un régulateur 
transcriptionnel majeur des gènes de contrôle du cycle cellulaire, notamment les gènes cibles 
de E2F, (iii) BAP1 forme un complexe ternaire avec HCF-1 et YY1 requis pour la régulation 
transcriptionnelle, (iv) YY1 est requis pour le recrutement de BAP1 et de HCF-1 au niveau des 
promoteurs des gènes cibles permettant ainsi d’établir un lien direct entre BAP1 et la 
régulation de la prolifération cellulaire 78, et (v) la déplétion de BAP1 entraine une diminution 
de l’expression des gènes du cycle cellulaire. D’autre part, notre groupe a également établi un 
rôle unique de BAP1 comme gène suppresseur de tumeurs dans la réparation des dommages 
doubles brins de l’ADN par recombinaison homologue. Également, nous présentons dans cette 
même étude, la première évidence que la phosphorylation de BAP1 après dommage à l’ADN 
coordonne sa fonction de régulation de la prolifération cellulaire 229 (Voir Annexe 3). 
De manière importante, il est maintenant connu que le complexe BAP1 est un complexe 
Polycombe du fait que cette DUB est associé à plusieurs facteurs qui ont été définis pour être 
des protéines Polycombes à savoir, YY1478, OGT346,347, ASXL1 et ASXL2361-364. Toutes 
ces protéines ont été impliquées dans la régulation de l’activation et la répression génique, le 
développement, la prolifération cellulaire ainsi que la différentiation. De plus, BAP1 catalyse 
la déubiquitination de la monoubiquitination de H2A, une modification épigénétique requise 
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pour la progression du cycle cellulaire. De même, la déplétion de Calypso démontre un rôle 
important de cette DUB dans le développement 79.  
La fonction transcriptionnelle de BAP1 aurait évoluée, du fait qu’initialement, Calypso, ne 
possédait pas le domaine HBM d’interaction avec HCF-1 et n’est en complexe qu’avec ASX. 
Ce complexe a été caractérisé pour sa capacité à être recruté sur les promoteurs de certains 
gènes Hox afin de promouvoir leur répression génique et ce en catalysant la déubiquitination 
de H2Aub 79. Ainsi, au cours de l’évolution, BAP1 aurait acquis la particularité d’interagir 
avec d’autres facteurs et cofacteurs transcriptionnels et ce afin de pouvoir contrôler un nombre 
plus large de gènes cible. Ce qui est intéressant est que nous avons démontré que BAP1 
s’intègre au sein d’un complexe multi-protéique de 1,6 MDa et que des évidences suggèrent 
que BAP1 formerait divers sous complexes et ce en fonction des partenaires auxquels il 
s’associerait 78. En effet, le partenaire majeur de BAP1, HCF-1, interagit à travers le domaine 
HBM avec plusieurs facteurs transcriptionnels lui permettant d’intégrer plusieurs complexes 
distincts de régulation de la chromatine. Puisque BAP1 est majoritairement complexé avec 
HCF-1, nous pouvons suggérer que cette DUB formerait divers complexes de régulation 
transcriptionnels et ce en s’intégrant de manière différentielle avec les complexes HCF-
1/OGT/TET2, HCF-1/MLL1 /OGT, HCF-1/MLL5/OGT, HCF-1/MOF, HCF-1/ LSD1, HCF-
1/SETD1A 69,259,268,270,272,285,286 ,287-289. De ce fait, le complexe BAP1 aurait une 
fonction dynamique dans la régulation d’une multitude de gènes cibles et aurait ainsi un rôle 
majeur pour le contrôle de nombreux processus cellulaires. 
 
Durant notre investigation sur le rôle transcriptionnel du complexe BAP1, nous avons 
démontré que cette deubiquitinase admet un rôle majeur plus particulièrement dans la 
régulation de la prolifération cellulaire 78,209 . En effet, en adoptant une étude d’analyse 
d’expression globale des gènes couplée à une déplétion de BAP1 par shRNA, nous avons 
reporté que l’inactivation de BAP1 était à l’origine d’une dérégulation des gènes cibles de E2F 
78. Également, HCF-1 est connu d’interagir spécifiquement soit avec des activateurs (comme 
E2F1) ou des répresseurs (comme E2F4) transcriptionnels afin de contrôler la transition G1/S 
266,269,270. De plus, les promoteurs de certains gènes cible de E2F présentent une séquence 
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de liaison spécifique de YY1, qui lui interagit avec E2F2 et E2F3 pour l’activation de ces 
gènes 479. Ainsi, le complexe ternaire BAP1/HCF-1/YY1 aurait un rôle majeur pour la 
régulation de l’activation et la répression génique des gènes cible de E2F. De plus, les résultats 
d’analyse génomique démontrent aussi que BAP1 régulent l’expression des gènes impliqués 
dans d’autres processus cellulaires. En effet, la déplétion de BAP1 provoque une dérégulation 
de l’expression des gènes mitochondriaux et des gènes qui encodent pour des enzymes de 
régulation du métabolisme 78. De manière plus importante, YY1 est connu pour réguler une 
panoplie de gènes mitochondriaux 480-482. De même des études récentes ont révélés que 
HCF-1 émerge comme un nouveau régulateur transcriptionnel de certains gènes du 
métabolisme cellulaire 274,291. Ainsi, nous avons démontré que le complexe BAP1/HCF-1 
est recruté par YY1 pour activer l’expression du gène mitochondriale cox7c 78.    
Afin de mieux déterminer le spectre des gènes régulés par le complexe BAP1, il serait 
important de comprendre d’avantage comment les régulations épigénétiques sont coordonnées 
au niveau de la chromatine. Étant un complexe à plusieurs activités enzymatiques, la 
coordination de la fonction de ces facteurs de modification de la chromatine permettrait une 
régulation hautement contrôlée de l’expression génique.  
 
5.4.2 Dualité fonctionnelle du complexe BAP1 pour la régulation de la prolifération 
cellulaire 
 
Depuis sa découverte, le mécanisme d’action exact de BAP1 dans la régulation du 
cycle cellulaire n’est toujours pas élucidé. Néanmoins plusieurs évidences démontrent 
clairement que BAP1 est un gène suppresseur de tumeurs majeur. Ce qui est à nos jours encore 
intriguant est qu’aussi bien la déplétion que la surexpression de BAP1 promouvaient 
l’inhibition de la prolifération de cellules cancéreuses. Ceci, démontre qu’un propre dosage du 
niveau de BAP1 est important pour maintenir une prolifération harmonieuse des cellules. A 
présent, une des explications les plus plausibles qui justifie la dérégulation de la prolifération 
cellulaire est que le changement de l’état d’expression de BAP1 est probablement à l’origine 
d’une expression non contrôlée des gènes cible de E2F.  
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Afin de mieux clarifier le mécanisme de régulation du cycle cellulaire par BAP1, il est 
important de corréler la fonction de cette DUB avec le rôle que peuvent avoir ses partenaires. 
En effet, HCF-1, OGT et YY1 régulent de manière étroite l’expression des gènes cible de E2F. 
De plus, l’interaction de BAP1 avec HCF-1 semble être importante pour la régulation de la 
prolifération cellulaire médiée par BAP1 233. Ainsi, E2F1 requiert HCF-1 afin de favoriser le 
recrutement de Set1 et MLL sur les gènes cible de E2F 270. YY1 se positionne comme étant 
un partenaire important pour favoriser le recrutement de BAP1 sur les gènes cibles. Ce facteur 
de transcription est connu pour jouer le rôle d’un activateur et d’un suppresseur 
transcriptionnel et ce dépendamment des gènes cibles qu’il régule483. D’autre part, les 
protéines ASXL1 et ASXL2 semblent être des facteurs importants pour mettre en place une 
dualité fonctionnelle du complexe BAP1. En effet ces protéines s’intègrent au sein des 
protéines qui se définissent par avoir aussi bien les caractéristiques fonctionnelles des 
Polycombes que des Thritorax 361-364. De ce fait nous pouvons suggérer que ASXL1 et 
ASXL2 gouvernent le changement de régulation transcriptionnel de BAP1 et ce 
dépendamment de son interaction spécifique avec ASXL1 ou ASXL2. Plus particulièrement, 
les complexes BAP1/ASXL1 et BAP1/ASXL2 réguleraient plusieurs processus cellulaires 
incluant la prolifération cellulaire et ce en catalysant l’activation ou la répression génique via 
la coordination de la deubiquitination de H2Aub avec H3K4me3 et H3K27me3. De plus, il a 
été reporté que plusieurs partenaires de ASXL1 et ASXL2 régulent directement la transition 
G1/S du cycle cellulaire 270,479,484. Nous avons récemment démontré que BAP1/ASXL1 et 
BAP1ASXL2 sont deux complexes protéiques dont leurs fonctions dans la régulation de la 
prolifération cellulaire est antagoniste 209. Néanmoins, le mécanisme de régulation ainsi que 
le spectre des gènes régulés par ces complexes restent très peu définis. Toutes ces évidences 
suggèrent que BAP1/ASXL1 et BAP1/ASXL2 réguleraient les gènes cibles de E2F afin de 
contrôler la progression du cycle cellulaire au cours de la transition G1/S. Ainsi, une 
dérégulation des complexes associés à ces protéines serait à l’origine de défauts pouvant 
conduire à des transformations cellulaires.  
Une nouvelle étude a récemment dévoilé un nouveau rôle potentiel de BAP1 dans les 
cellules cancéreuses du sein. Le rôle de BAP1 comme gène suppresseur de tumeurs semble 
être beaucoup plus complexe qu’on le pense. Les auteurs ont proposé que BAP1 puisse être 
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une cible thérapeutique au niveau du cancer du sein et probablement dans d’autres types de 
cancer 485. Dans cette même investigation, il a été reporté que BAP1 stabilise les niveaux 
protéiques de KLF5, un facteur transcriptionnel surexprimé au niveau des cellules cancéreuses 
du sein de type Erα négatives. Également, il a été proposé que KLF5 s’intègre au sein d’un 
complexe protéique formé principalement de BAP1. HCF-1 et OGT. De ce fait, il a été reporté 
pour la première fois que BAP1/KLF5 régule l’expression génique de l’inhibiteur du cycle 
cellulaire, p27 et que cette interaction est requise pour promouvoir la prolifération cellulaire 
ainsi que l’induction de l’état métastatique des cellules cancéreuses 485.  
BAP1 est un gène suppresseur de tumeurs fréquemment muté dans une multitude de 
cancers. Cependant, BAP1 ne présente pas de mutations identifiées au sein des cellules 
cancéreuses du sein HCC1806 prise comme modèle au cours de l’étude de l’interaction de 
BAP1 avec KLF5. Même si les auteurs ont reporté que la déplétion de BAP1 cause une 
inhibition de la prolifération à la phase S du cycle cellulaire, la surexpression de KLF5 reverse 
de manière partielle ce défaut cellulaire suggérant que des investigations plus poussées sont 
nécessaires afin de mieux comprendre le mécanisme d’action de BAP1/KLF5. 
La grande majorité des données suggèrent que BAP1 s’incorpore au sein de différents 
complexes protéiques lui permettant de se procurer une dualité fonctionnelle pour l’exécution 
de sa fonction suppressive de tumeurs. 
 
5.4.3 Co-stabilisation protéique entre BAP1 et ASXL1/2 
 
 Les deux protéines Polycombes ASXL1 et ASXL2 (ASXL1/2) ont suscité notre 
intérêt du faite de la particularité fonctionnelle qu’elles peuvent ajouter au mécanisme d’action 
de BAP1. En effet, l’association de cette DUB avec ASXL1/2 souligne son rôle unique comme 
complexe Polycombe. Nous avons contribué à développer un nouvel aperçu quand au 
mécanisme par lequel l’activité catalytique de ce gène suppresseur de tumeur est contrôlée 
209. 
 D’abord, nous avons défini le mécanisme d’interaction entre BAP1 et ASXL1/2. De 
ce fait, nous avons défini le domaine CTD de BAP1 comme région commune requise pour 
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favoriser son interaction avec ASXL1/2. De même, ASXL1/2 présentent leur domaine ASXM 
pour interagir avec BAP1. Nous avons présenté qu’il existe une co-régulation protéique entre 
BAP1 et ASXL1/2. En effet, la déplétion conjointe de ASXL1/2 induit une déstabilisation des 
niveaux protéiques de BAP1 de manière similaire à la déplétion de BAP1 lui-même par 
siRNA. Cette régulation de BAP1 par les protéines Polycombes est un processus qui a été 
conservé au cours de l’évolution puisque la déplétion de ASX chez la Drosophile déstabilise 
également Calypso (dBAP1) 79. De manière plus spécifique, la déplétion par siRNA de 
ASXL1 ou de ASXL2 permet de réduire de moitié le niveau protéique de BAP1. Compte tenu 
de ce qui précède et du fait que le complexe BAP1 admet relativement la même quantité en 
ASXL1/2, nous proposons que BAP1 forme deux complexes mutuellement exclusifs avec 
ASXL1 et ASXL2 qui pourraient se retrouver à la même abondance dans les cellules. 
 
 Afin de caractériser d’avantage la relation fonctionnelle entre BAP1 et ASXL1/2, 
nous avons démontré que la déplétion de BAP1 par siRNA affecte plus spécifiquement les 
niveaux protéiques de ASXL2. De plus, ASXL2 est déstabilisée suite à la perte de BAP1 dans 
deux types de cellules cancéreuses prises comme modèles dans notre étude à savoir les cellules 
H28 du mésothéliome et les cellules H226 du cancer du poumon. De plus, suite à des 
expériences d’immunodéplétion, nous révélons que la majorité de ASXL2 est complexée avec 
BAP1 alors que la moitié du niveau protéique de ce dernier s’associe avec ASXL2. Ces 
résultats révèlent pour la première fois une relation fonctionnelle entre BAP1 et ASXL2 et 
soulignent l’importance de maintenir un complexe BAP1/ASXL2 stable au sein des cellules. 
L’apparition de mutations au niveau des cancers qui provoquent une inactivation ou une perte 
de BAP1 ou de ASXL2 seraient à l’origine d’une inactivation fonctionnelle de l’autre 
partenaire 209.  
 
5.4.4 Rôle de ASXL1/2 dans la coordination de l’activité catalytique de BAP1 
 
 Il a été déjà reporté que BAP1 forme un complexe minimal avec la région N-
terminale de ASXL1 requis pour initier in vitro l’activité catalytique de cette DUB envers la 
forme monoubiquitinée de H2A (H2Aub) 79. La déubiquitination de H2Aub  in vivo par 
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BAP1 et d’autres DUBs a été aussi observée 182,448. Néanmoins la contribution de chacune 
de ces enzymes ainsi que le mécanisme de régulation gouvernant cette déubiquitination n’avait 
pas été définis. Nous nous sommes donc intéressés à investiguer d’avantage le mécanisme de 
déubiquitination de H2Aub médié par BAP1 et à étudier l’implication de ASXL1/2 dans 
l’activation de la catalyse. Tout d’abord, nous avons réalisé un criblage RNAi en traitant des 
cellules par des siRNA individuels couvrant toutes les DUBs du génome humain. Nos résultats 
ont révélé que BAP1 est la seule enzyme dont la déplétion a engendré l’augmentation la plus 
significative du niveau global de H2Aub. Ceci suggère fortement que BAP1 représente la 
DUB majeure pour cette modification en conditions de proliférations normales.  
 Par des expériences de perte de fonction et de surexpression, nous avons démontré 
que ASXL1 et ASXL2 sont tous les deux indispensables pour induire la déubiquitination de 
H2Aub par BAP1. Plus spécifiquement, le domaine ASXM de ASXL1/2 est suffisant pour 
stimuler une déubiquitination totale de H2Aub par BAP1. Ainsi, une bonne interaction entre 
BAP1 et ASXL1/2 est requise pour maintenir l’activité catalytique de BAP1 puisque les 
mutants de BAP1, BAP1ΔCTD et BAP1ΔR666-H669 sont incapables de déubiquitiner H2Aub 
in vivo et in vitro. Ces résultats concordent avec le dernier travail de Rao et ses collègues qui 
ont démontré que des formes tronquées de ASXL1 qui ont perdu la région C-terminale de la 
protéine, sont capables grâce à la présence du domaine ASXM de stabiliser l’activité 
catalytique de BAP1 envers H2Aub 445. 
 
 D’un point de vue mécanistique, nous avons défini de plus près la liaison de BAP1 à 
l’ubiquitine ainsi que le rôle majeur que possède ASXL1/2 pour favoriser et stabiliser cette 
interaction. Plus particulièrement, nous avons défini un modèle unique de liaison des 
complexes BAP1/ASXLs à l’ubiquitine. En effet, nous présentons que BAP1 en association 
avec ASXLs permet de créer un domaine composite particulier (CUBI pour Composit 
Ubiquitin Binding Interface) de liaison à l’ubiquitine qui requiert la participation des domaines 
ASXM de ASXL1/2 (nommés ASXM1 et ASXM2 pour ASXL1 et ASXL2 respectivement) 
ainsi que les domaines UCH, CC1 et CTD de BAP1. Plus spécifiquement, ASXM2 admet une 
affinité faible envers l’ubiquitine mais permet d’augmenter considérablement la liaison de 
BAP1 sur l’ubiquitine. De plus, nos résultats soulignent un rôle important du domaine CTD 
dans l’intégration de la liaison à l’ubiquitine avec l’activité catalytique du complexe 
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BAP1/ASXL1/2. De ce fait le CTD est (i) qualifié comme étant un nouveau domaine de 
liaison à l’ubiquitine (UBD) qui se lie à un patch chargé au niveau de cette molécule (RQDR 
charged patch), (ii) permet de maintenir les interactions intramoléculaires avec les domaines 
UCH et CC1 afin de stabiliser la liaison de BAP1 à l’ubiquitine via son domaine UCH, (iii) 
interagi fortement avec ASXM ce qui permet la formation du CUBI et de ce fait l’induction de 
la liaison à l’ubiquitine du complexe BAP1/ASXL1/2 et la stimulation de l’activité catalytique 
de BAP1. Cette liaison à l’ubiquitine est particulière puisqu’elle nécessite la reconnaissance de 
différents patchs de l’ubiquitine, le patch hydrophobe et le patch RQDR  par l’intermédiaire du 
UCH et du CTD respectivement 209. 
 
 Ce modèle de liaison à l’ubiquitine et d’activation de la catalyse ressemble à celui 
entrepris par UCH37, une DUB appartenant à la famille des UCH. UCH37 admet des 
domaines UCH et ULD similaires aux domaines UCH et CTD de BAP1. De manière analogue 
à BAP1, UCH37 se lie au patch hydrophobe de l’ubiquitine via son domaine UCH grâce à des 
acides aminés qui sont conservés entre BAP1 et UCH37 436,437. De plus, son affinité envers 
l’ubiquitine ainsi que son activité catalytique sont significativement stimulé grâce à la sous-
unité protéique du protéasome RPN13 (ADRM1) 441-443,450,451. RPN13 possède un 
domaine DEUBAD (DEUBiquitinase ADaptor) similaire au domaine ASXM de ASXL1/2 
378. Il a été de même démontré que RPN13 admet une affinité faible envers l’ubiquitine 
450,451. De ce fait nos résultats révèlent pour la première fois que le mécanisme d’activation 
des DUBs de la famille des UCHs (BAP1 et UCH37) par l’intermédiaire de cofacteurs, est un 
processus conservé. Un mécanisme de régulation négative de l’activité catalytique de BAP1 
peut également être suggéré. En effet, il a été défini que INO80G (NFRKB), un composant du 
complexe INO80 de remodelage de la chromatine possède aussi un domaine DEUBAD, mais 
que contrairement à RPN13, inhibe la fonction catalytique de UCH37 450,451. BAP1 est 
connu pour interagir et déubiquitiner INO80 439. De même, nous avons démontré que de 
manière similaire à BAP1, INO80 représente un substrat pour UBE2O et sa polyubiquitination 
induite par cette enzyme provoque sa séquestration dans le cytoplasme 241. UBE2O semble 
avoir un rôle majeur dans la régulation des voies de signalisation qui gouvernent le transport 
nucléocytoplasmique. De ce fait, il serait intéressant de déterminer si dans certains contextes 
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cellulaires spécifiques, l’ubiquitination serait un signal pour favoriser l’interaction de BAP1 
avec INO80 au dépend de son interaction avec ASXL1/2 et de ce fait son inhibition.             
5.4.5 L’interaction de BAP1 avec ASXL1/2 est requise pour la bonne exécution de sa 
fonction suppressive de tumeurs 
Nous nous sommes demandés si l’interaction de BAP1 avec ASXL1/2, pouvaient 
influencer la prolifération cellulaire et la fonction suppressive de tumeurs de cette DUB.  
Au niveau des cellules de mammifères les rôles fonctionnels de BAP1/ASXL1 et 
BAP1/ASXL2 sont très peu caractérisés.  
ASXL1 semble s’associer à des complexes épigénétiques distincts et ce 
dépendamment du type cellulaire ou des conditions physiologiques de la cellule. En effet, 
l’étude du groupe de Levine a démontré que même BAP1 et ASXL1 interagissent dans des 
cellules leucémiques myéloïdes, mais aucune relation fonctionnelle entre ces deux facteurs 
épigénétiques n’a été révélée 375. De plus, dans la même étude, il a été reporté qu’ASXL1 
s’associe au complexe PRC2 de façon indépendante de son interaction avec BAP1 afin de 
promouvoir le recrutement de PRC2 au niveau des promoteurs des gènes cibles et la 
triméthylation de H3K27. D’autre part, le groupe de Rao a décrit que des mutations fréquentes 
de ASXL1 dans des leucémies myéloïdes ou le syndrome de Bohring–Opitz provoquent la 
génération de protéines tronquées de ASXL1 qui confèrent un gain de fonction du complexe 
ASXL1/BAP1 et ce grâce à la présence du domaine ASXM. En effet, la surexpression de ces 
complexes dans des cellules souches hématopoïétiques induit une déubiquitination globale de 
H2Aub, une diminution significative de H3K27me3 ainsi qu’une augmentation sélective de 
H3K4me3 sur certains gènes bivalents dont les promoteurs sont marqués par H2Aub et 
H3K4me3. Ces évènements épigénétiques qui dépendent de l’activité catalytique de BAP1 
sont à l’ origine d’une différentiation spontanée des précurseurs hématopoïétiques en 
mastocytes 445. Notre travail représente la première description qui soulève un lien 
fonctionnel entre BAP1 et ASXL1/2 dans la régulation de la fonction suppressive de tumeurs 
de cette DUB. Nos données démontrent que l’interaction de BAP1 avec ASXL/2 est requise 
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pour maintenir une prolifération harmonieuse des cellules. En effet, par des expériences de 
perte de fonctions dans des cellules stables exprimant différentes formes de BAP1 résistants 
aux siRNA, nous avons révélé que la délétion du CTD ainsi que la mutation R666-H669, 
provoquent une inhibition de l’activité catalytique de BAP1 associée à une  incapacité de 
celui-ci à restaurer l’augmentation du niveau de H2Aub obtenue suite à la déplétion de la 
forme endogène de BAP1. Ceci a eu pour conséquence une dérégulation du cycle cellulaire. 
Nos résultats supportent le fait que des mutations de cancer touchant le domaine UCH sont à 
l’origine d’une augmentation du niveau global de H2Aub dans les cellules cancéreuses et une 
dérégulation du cycle cellulaire 77,231,250. Encore plus remarquable, la surexpression de 
BAP1 et de BAP1 catalytique inactif (BAP1 C91S) dans les cellules de fibroblastes primaires 
IMR90, induit la sénescence cellulaire, un mécanisme de suppression de tumeurs majeur 486-
491. Cette réponse cellulaire semble s’intégrer dans la voie de réponse aux dommages à 
l’ADN de p53/p21. Plus spécifiquement, la sénescence induite par BAP1 est dépendante de 
son interaction avec ASXL1/2 puisque BAP1ΔCTD et le mutant de cancer de BAP1 (R666-
H669) sont incapables de promouvoir la sénescence. Un autre résultat très intéressant, est que 
contrairement à ASXL1, la surexpression de ASXL2 dans les IMR90 induit la sénescence 
cellulaire de façon dépendante de l’interaction avec BAP1 du fait que ASXL2 ΔASXM est 
incapable de promouvoir cette réponse. 
 
La régulation de la sénescence par le complexe BAP1 peut se produire de différents 
moyens. En effet, du fait que BAP1 interagi avec HCF-1 et YY1 qui eux sont des régulateurs 
majeurs des gènes cibles de E2F, la surexpression de BAP1/ASXL2 pourrait engendrer un 
stress réplicatif suite à la surexpression des gènes cibles de E2F  comme CDC6 et E2F1, qui 
stimulerait une ré-réplication de l’ADN et serait à l’origine de l’établissement d’une réponse 
de dommages de l’ADN et l’induction de la voie oncogénique de la sénescence 492,493. De 
plus, BAP1/ASXL1/2 pourrait réguler l’expression de gènes encodant pour des inhibiteurs du 
cycle cellulaire. En effet,  l'inhibiteur des kinases dépendantes des cyclines 1A, p21, est 
étroitement régulé par E2F1 et est impliqué dans l’induction de la sénescence494,495. De plus, 
différentes composantes des complexes PRC1 ont été identifiées comme jouant un rôle 
important dans la régulation de la signalisation de la sénescence. En effet, les complexes PRC1 
modulent de façon très étroite l’état d’expression du locus INK4b/ARF/INK4α qui code pour 
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les protéines, p15INK4b, ARF et p16INK4α, acteurs universels de la sénescence 62,452,496-
501. Ainsi, la surexpression de protéines du PRC1 incluant les protéines CBX ou la déplétion
de BMI1 engendre respectivement une inhibition ou une de-répression de l’expression des
protéines ARF et p16. De ce fait, du moment que le complexe BAP1 regroupe plusieurs
régulateurs transcriptionnels (facteurs de transcription et facteurs de remodelage de la
chromatine), la surexpression de BAP1 pourrait donc agir au niveau de la chromatine en
contrecarrant l’action des complexes PRC1. Le rôle de BAP1 dans le contrôle du locus
INK4b/ARF/INK4α  a été récemment reporté 502. En effet, le complexe BAP1/ASXL1 est
recruté au niveau de ce locus afin de permettre l’activation spécifique du gène p15INK4b en
réponse à des signalisations oncogéniques et des stimuli externe antiprolifératives. Cette
activité de suppression tumorale requiert  la deubiquitination de H2Aub 502. Ainsi, il n’est pas
à exclure que BAP1/ASXL2, comme c’est le cas pour BAP1/ASXL1, régulerait de manière
directe l’expression du INK4b/ARF/INK4α, sachant également que ARF est un gène cible de
E2F1.
De plus, compte tenu de la dernière découverte sur le mécanisme de répression génétique 
par les protéines Polycombes qui peuvent agir de manière indépendante de leurs activité 
catalytique, nous pouvons penser que BAP1C91S pourrait entreprendre un mécanisme 
similaire pour catalyser la de-répression des gènes E2F, activer la voie p53/p21 et induire la 
sénescence. D’autre part, la surexpression d’ASXL2 et de BAP1 pourrait induire un 
changement structurel de la chromatine qui serait à l’origine de l’apparition de dommages de 
l’ADN double brins.  Des dérégulations dans le contrôle de tous ces mécanismes liés à la 
chromatine seraient à l’origine de défauts du cycle cellulaire et le développement de cancer. 
De ce fait, nos résultats démontrent qu’un propre dosage des niveaux protéiques de BAP1 et 
de ASXL2 dans les cellules ainsi que le maintien du complexe BAP1/ASXL2 sont des facteurs 
importants pour la régulation de la fonction suppressive de tumeurs de BAP1.    
L’étude globale du complexe BAP1 démontre à présent que cette déubiquitinase admet un 
rôle majeur dans la régulation de la signalisation cellulaire associée à la chromatine et ce en 
adoptant possiblement plusieurs mécanismes. En effet, le complexe BAP1 pourrait avoir une 
fonction de (i) ‘‘writer’’ et ce grâce à l’action de la OGT qui modifie par O-GlcNAcylation les 
protéines associées à la chromatine et l’acetyltransferase HAT qui catalyse l’acétylation des 
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histones, de (ii) ‘‘reader’’ par l’intermédiaire de ASXL1/2 qui se lient au niveau de la 
chromatine grâce à leur domaines PHD et ASXN (qui probablement va lier l’ADN) et ASXM 
(qui permettrait au complexe BAP1 de se lier à son substrat physiologique, H2Aub) et de 
‘‘eraser’’ et ce grâce à BAP1 lui-même et LSD2 (à travers la déubiquitination et la 
déméthylation des histones respectivement).   
 D’autres études seront nécessaires afin compléter notre compréhension des 
mécanismes d’action et la régulation de cette machine moléculaire, un complexe 
déubiquitinase requis pour la fonction de la chromatine et la suppression de tumeurs.     
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Abstract 
The candidate tumor suppressor BAP1 is a deubiquitinating enzyme (DUB) involved in 
the regulation of cell proliferation, although the molecular mechanisms governing its function 
remain poorly defined. BAP1 was recently shown to interact with, and deubiquitinate the 
transcriptional regulator Host Cell Factor-1 (HCF-1). Here, we show that BAP1 assembles multi-
protein complexes containing numerous transcription factors and cofactors including HCF-1 and 
the transcription factor Yin Yang 1 (YY1). Through its coiled coil motif, BAP1 directly interacts 
with the zinc fingers of YY1. Moreover, HCF-1 interacts with the middle region of YY1 
encompassing the glycine-lysine-rich domain and is essential for the formation of a ternary 
complex with YY1 and BAP1 in vivo. BAP1 activates transcription in an enzymatic activity-
dependent manner and regulates the expression of a variety of genes involved in numerous cellular 
processes. We further show that BAP1 and HCF-1 are recruited by YY1 to the promoter of cox7c 
gene, which encodes a mitochondrial protein used here as a model of BAP1-activated gene 
expression. Our findings (i) establish a direct link between BAP1 and transcriptional control of 
genes regulating cell growth and proliferation and (ii) shed light on a novel mechanism of 
transcription regulation involving ubiquitin signaling. 
Introduction 
Post-translational modification of proteins with ubiquitin plays a central role in a wide 
variety of biological processes in eukaryotic cells (44, 64). Depending on the nature of the 
modification (e.g. poly- vs. mono-ubiquitination), modified substrates can be either degraded by 
the proteasome or regulated at the level of their activity and function (4, 45). Ubiquitination is 
reversible and a significant repertoire of proteases, termed deubiquitinating enzymes (DUBs), are 
emerging as critical regulators of ubiquitin signaling (40, 46). 
BAP1 (BRCA1-Associated Protein1) was originally isolated as a nuclear DUB that 
interacts with, and enhances the growth suppressive effect of, the tumor suppressor BRCA1 (19). 
BAP1 also acts in a BRCA1-independent manner, as its overexpression in cells lacking BRCA1 
was shown to inhibit cell proliferation and tumor growth (60). Interestingly, recent studies indicate 
that RNAi-mediated depletion of BAP1 can also exert an inhibitory effect on cell proliferation (31, 
36, 41). Although the exact molecular mechanisms are largely unknown, the above data suggest 
iv-2
that BAP1 controls cell cycle progression. In further support of this notion, homozygous 
inactivating mutations in BAP1 have been found in subsets of lung carcinoma and breast cancer 
cell lines suggesting that this DUB is a tumor suppressor (19, 67). 
BAP1 is a member of the UCH family including UCH-L1, UCH-L3 and UCH-L5 
(UCH37), all of which possess a conserved catalytic domain containing an invariant histidine, 
cysteine, and aspartic acid catalytic triad (20). Although UCH family members were initially 
associated with the maturation and turnover of ubiquitin, these enzymes possess isopeptidase 
activity and thus might selectively regulate protein stability or activity (32, 35, 41). Remarkably 
BAP1 possesses a large C-terminal domain, not present in other UCH members, which is predicted 
to play an important role in regulating and coordinating its DUB activity through selective 
association with potential substrates or regulatory components. 
 Host cell factor 1 (HCF-1) is a chromatin-associated protein initially identified as part of 
a multi-protein complex comprising the viral co-activator VP16 and the POU domain transcription 
factor Oct-1 (23). During herpes simplex virus infection, this complex is recruited to the 
enhancer/promoter of the immediate early gene to activate viral gene expression (23). HCF-1 was 
further shown to interact, often through a tetrapeptide sequence termed the HCF-1 binding motif 
(HBM), with specific members of diverse classes of transcription factors including E2F1, Krox20, 
Sp1, and GABP. This suggests a crucial role for HCF-1 in regulating the expression of a plethora 
of genes involved in diverse cellular processes (7, 10, 16, 22, 28-30, 34, 58, 62). HCF-1 also 
associates with chromatin modifying enzymes, most notably methyltransferases (Set1, MLL1, 
MLL5), acetyltransferases (hMOF) and deacetylases (HDAC1, HDAC2) (8, 11, 39, 58, 68, 72).
Most recently HCF-1 was shown to recruit LSD1 to demethylate the repressive mark histone H3 
lysine 9, and to promote the trimethylation of histone H3 lysine 4 by Set1, a mark associated with 
active genes (26). Although HCF-1 has been mostly associated with transcription activation, this 
regulator is also involved in transcription repression (6, 58, 68). It is thought that sequence-specific 
DNA-binding transcription factors are responsible for the differential recruitment of distinct HCF-
1 complexes to either positively or negatively regulate target gene expression. For instance HCF-
1 was shown to regulate the G1/S transition of cell cycle through specific interaction with either 
E2F4 or E2F1 which, respectively, represses or activates E2F target genes (58). Despite the above 
findings, the manner in which HCF-1 is selectively recruited to coordinate the assembly of diverse 
v-2
chromatin modifying complexes that tightly regulate gene expression remains an area of active 
investigation. 
BAP1 was recently shown to interact, through a NHNY sequence (HBM) located in its 
middle region, with the kelch motif of HCF-1; moreover this interaction appears to be required for 
cell proliferation (31, 36). Ectopic expression studies indicate that BAP1 can deubiquitinate HCF-
1 (31, 36), although the significance of this event remains to be elucidated. Additional proteins 
identified by virtue of their co-purification with BAP1 have also been recently reported, most of 
which are involved in regulation of chromatin-associated processes particularly transcription (31, 
54). These include the forkhead transcription factors FOXK1 and FOXK2, the histone 
acetyltransferase HAT1, the human homolog of additional sex combs ASXL1 and ASXL2, the 
histone lysine demethylase KDM1B (LSD2), and the ubiquitin conjugating E2 enzyme UBE20. 
Interestingly, very recently, the drosophila polycomb group protein Calypso was found to be the 
orthologue of BAP1. Calypso associates with ASX to form the transcription complex PR-DUB 
that in turn deubiquitinates histone H2A and regulates hox gene expression (47). However it should 
be noted that the association of human BAP1 with several additional partners as described above 
suggests a substantially more complex network of functional interactions.  
Here, we establish that mammalian BAP1 is assembled into high molecular weight multi-
protein complexes containing transcription factors and cofactors including HCF-1. We reveal 
novel BAP1-interacting partners including the transcription factor Yin Yang 1 (YY1), a zinc finger 
protein that possesses dual functionality by either activating or repressing gene expression 
depending upon its association with specific transcription co-activators or co-repressors at specific 
target gene promoters (see reviews (13, 51)). We show that BAP1 directly interacts with YY1, and 
HCF-1 is required for this interaction in vivo. Finally, in providing a model for BAP1-mediated 
control of gene expression, we demonstrate that this DUB is a direct co-activator of cox7c, a 
nuclear gene encoding a component of the mitochondrial respiratory chain. Our data provide novel 
molecular insight into the involvement of deubiquitination in the control of gene expression. 
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Materials And Methods 
Plasmids and Antibodies  
Retroviral constructs that express N-terminal Flag-HA-tagged wildtype or mutant forms of 
human BAP1 were generated by subcloning the cDNA into the POZ-N plasmid provided by Y. 
Nakatani (38). The catalytically inactive BAP1, POZ-BAP1 (C91S) was generated by site-directed 
mutagenesis. The BAP1 mutant deleted in the NHNY sequence corresponding the HCF-1 binding 
domain (ΔHBD) was generated by PCR-based subcloning of 2 fragments ligated in frame into 
POZ-N. The Gal4-BAP1 and Gal4-BAP1 catalytically inactive (C91S) constructs were generated 
by PCR amplification of the Gal4 DNA binding sequence and ligation in frame into pCDNA.3 
BAP1. The Gal4-BAP1 ΔHBM was generated by subcloning BAP1 ΔHBM in frame into 
pCDNA.3 containing Gal4 DNA binding sequence. shRNAs for hBAP1 (#1 and #2) and hHCF-1 
were generated as previously described (57). The targeted sequences of these shRNAs are listed 
in the supplemental information. The constructs used to produce recombinant full length GST-
YY1 and various deletion fragments have been described (25). Constructs to produce recombinant 
full length GST-BAP1 and various deleted forms were obtained by PCR-amplification of various 
fragments, which were cloned into pGEX4T1. The construct for producing recombinant human 
His-tagged YY1 has been described (56). A construct to produce recombinant human His-tagged 
BAP1 was generated by subcloning BAP1 cDNA into pET30a+. The shRNA construct for YY1 
and non-target sequence have been described (56). The pCGN-HCF-1 vector (65) was used for 
subcloning HCF-1 into the pcDNA.3/HA vector.  
Monoclonal anti-BAP1 (C4) and anti-YY1 (H10), polyclonal anti-BAP1 (H300) and anti-
TFIID (N12) were from Santa Cruz. Monoclonal anti-HCF-1 (M2) (66) and polyclonal anti-HCF-
1 (N18) (14) have been used. Polyclonal anti-HCF-1 (A301-400A) was from Bethyl laboratories. 
Monoclonal anti-RNA Polymerase II (H14) was from Covance. Polyclonal anti-Histone H3 (06-
755), polyclonal anti-Histone H3 trimethylated at lysine 27 (H3 K27 me3) (17-622) and 
monoclonal anti-βactin (MAB1501) were from Millipore. The antibodies used as controls for IP 
and ChIP were the polyclonal anti-GFP (FL), anti-HA (Y-11) and rabbit IgG (sc-2027), and were 
from Santa Cruz.  
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Cell culture, RNAi and immunoblotting 
HeLa cervical cancer, U2OS osteosarcoma and PhenixA virus-producing cells were 
cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine 
serum and penicillin/streptomycin. Cells were transfected with either a non-targeting control or 
BAP1 RNA interference (RNAi) plasmid using Lipofectamine 2000 (Invitrogen). For transient 
RNAi experiments, shRNA vectors were mixed with the pBABE puromycin resistance-encoding 
vector, and transfected cells were selected by adding 2 µg/ml of puromycin for 2 days as described 
(1). U2OS cells with stable depletion of BAP1 were generated by co-transfection of RNAi vectors 
with pCDNA.3 neomycin resistance-encoding vector, and independent clones were isolated 
following G418 selection (1.5 mg/ml) and tested for BAP1 knockdown by western blotting. The 
siRNA smart pools for human HCF-1, BAP1 and a non-target control were from Dharmacon 
(Thermo Scientific) and were transfected into HeLa or U2OS cells using Lipofectamine 2000. 
Total cell extracts were prepared in lysis buffer (50 mM Tris-HCl, pH 7.3; 5 mM EDTA; 
50 mM KCl; 0.1% NP-40; 1 mM phenylmethylsulfonyl fluoride (PMSF); 1 mM dithiothreitol and 
protease inhibitors cocktail (Sigma)), and protein concentration determined by Bradford assay. 
SDS-PAGE and western blotting were conducted according to standard procedures. 
Purification of BAP1-associated proteins and co-immunoprecipitation  
HeLa and U2OS cell lines stably expressing Flag-HA-BAP1 (WT, C91S or ΔHBD) were 
generated following retroviral transduction and 4 rounds of selection using magnetic beads 
coupled to IL2 receptor antibody as previously described (38). HeLa (~9 X 109 cells) or U2OS 
(~0.5 X 109 cells) were used for purification of BAP1-associated proteins, essentially as previously 
described (38). Standard co-immunoprecipitations using appropriate antibodies were conducted as 
previously described (56).  
Immunodepletion was conducted on HeLa nuclear extracts (~100 μg of proteins) by 
overnight incubation at 4 ºC with 2 μg of anti-HCF-1 or anti-BAP1 polyclonal antibody in IP 
buffer (50 mM Tris, pH 7.3; 150 mM NaCl; 5 mM EDTA; 10 mM NaF; 1% Triton X-100; 1 mM 
PMSF and protease inhibitors cocktail (Sigma)). The anti-HA (Y-11) polyclonal antibody was 
used as control. The immuno-complexes were incubated for 7 hours at 4 ºC with protein G agarose 
beads (Sigma) which were saturated with 1% BSA in IP buffer. After centrifugation, the flow 
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through and bead fractions were collected. The immuno-complexes were washed once with the IP 
buffer supplemented with 1% BSA. Bound proteins were eluted from the beads with Laemmli 
buffer and subjected, along with the flow through fractions, to western blotting. 
Preparation of chromatin fractions and digestion with Micrococcal nuclease (MNase) were 
conducted as previously described (15). Briefly, the nuclear pellet was resuspended in 20 mM Tris-
HCl  (pH 7.5), 100 mM KCl, 2 mM MgCl2, 1 mM CaCl2, 0.3 M sucrose, 0.1% Triton X-100, and 
protease inhibitor cocktail. Following MNase treatment (3 U/ml for 10 min), the reaction was 
ended with 5 mM each EGTA and EDTA. The samples were then centrifuged at 13,000 g for 10 
min at 4°C to obtain the soluble chromatin fraction. 
Glycerol gradient and gel filtration analysis 
Molecular mass separation of native BAP1 complexes from nuclear extract was conduced 
using a 10-40 % glycerol gradient prepared in 20 mM Tris-HCl, pH 7.9; 100 mM KCl; 5 mM 
MgCl2; 1 mM PMSF; 0.1% NP40 and 10 mM 2-mercaptoethanol. The samples were centrifuged 
for 12 h at 50,000 RPM (SW55Ti rotor, Beckman,) at 4 ºC. Individual fractions were then collected 
from top to bottom and analyzed by western blotting. The CtBP co-repressor complex estimated 
to have a molecular mass of 1.3-1.5 MDa was used as reference (52).  
Gel filtration analysis of purified BAP1 complexes was conducted using a Superose6 HR 
gel exclusion chromatography column. Eluted fractions were analysed by silver staining and 
western blotting. The native molecular weight markers used for column calibration were 
thyroglobulin (669 KDa), ferritin (440 KDa), catalase (232 KDa), lactate dehydrogenase (140 
KDa) and albumin (66 KDa) (obtained from GE Healthcare).
Deubiquitination assay on Ub-AMC 
Deubiquitination assay on Ub-AMC was conducted as previously described (32)  with the 
following modifications.  Purified BAP1 complexes (WT, C91S and ΔHBM) and recombinant 
His-BAP1 were adjusted to the same amount of BAP1 protein (125 ng; 1.5 pmol) and incubated 
individually with 37.5 pmol of Ub-AMC (Boston Biochem) in 100 μl of assay buffer (50 mM Tris 
pH 7.3, 0.25 mM EDTA, 10% DMSO and 1 mM DTT) for 1200 sec. Fluorescence was measured 
using a fluorimeter (Cytofluor, PerSeptive Biosystems) at excitation and emission wavelengths of 
380 nm and 460 nm, respectively. 
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In vitro interaction assays 
Recombinant GST fusion proteins were purified using glutathione agarose beads (Sigma) 
and 2 to 3 μg of beads containing bound proteins were incubated with 10 μl of in vitro translated 
methionine-S35 labeled HCF-1 (TNT® T7 Quick Coupled Transcription/Translation System, 
Promega), 1 μg His-YY1, or 1 μg His-BAP1 for 6 to 8 hours at 4 ºC in 50 mM Tris, pH 7.5; 50 
mM NaCl; 0.02% Tween 20; 1 mM PMSF and 500 μM dithiothreitol). The beads were extensively 
washed with the same buffer, and bound proteins eluted in Laemmli buffer and subjected to 
autoradiography or western blotting.  
Immunofluorescence 
Cells were fixed for 20 min using 3 % paraformaldehyde prepared in phosphate-buffered 
saline (PBS). Cells were then permeabilized with 0.5% NP-40 in PBS for 20 min and washed with 
PBS containing 0.1% NP-40. Cells were further incubated in blocking solution (PBS containing 
0.1% NP-40 and 10% FBS) and stained with a monoclonal anti-BAP1 antibody. Anti-mouse Alexa 
Fluor® 594 (Invitrogen) was used as secondary antibody. Nuclei were stained with 4',6-diamidino-
2-phenylindole (DAPI). Z-stacks were acquired using Leica DMRE microscope, HCX PL APO
63X/ 1.32-0.6 OIL CS objective and Retiga Ex (Qimaging) camera and deconvoluted with the
Openlab 3.1.1 program. RGB profiles were generated by WCIF-ImageJ program (NIH).
Cell synchronization and cell cycle analysis 
U2OS cells were synchronized at the G1/S border using a thymidine double block protocol 
(17). The DNA content of cells was analyzed essentially as described (1). Briefly, cells were 
harvested by trypsinization and fixed with 70 % ethanol. After one wash with PBS, cells were 
treated with 100 µg/ml RNase A (Sigma-Aldrich) for 30 min at 37°C, stained with 50 µg/ml
propidium iodide (Sigma-Aldrich), and analyzed using a FACScan flow cytometer equipped with 
Cellquest software (Becton Dickinson).  
Genome-wide gene expression analysis and qRT-PCR analysis of individual mRNAs 
U2OS cells, transfected with a non-target control shRNA or shRNAs targeting BAP1, were 
selected with puromycin containing medium and then synchronized at the G1/S border to allow 
comparative analysis of gene expression. RNA was prepared using Trizol reagent (Invitrogen) and 
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the RNeasy kit (QIAGEN). The generation of cDNA and biotinylated cRNA and hybridization to 
Human genome Hu133 plus 2.0 arrays (Affymetrix; containing 47,000 transcripts and transcripts 
variants) were conducted following the One-Cycle target Labeling Protocol of the GeneChip ® 
Expression Analysis Technical Manual from Affymetrix (Genome Québec Innovation Centre, 
Montréal, Canada). Gene expression levels from shControl and shRNAs were subjected to 
comparative analysis using the expression analysis software Flex Array V1.1. A functional 
analysis of genes deregulated following BAP1 depletion was conducted using Ingenuity Pathways 
Analysis Version 8.5 (3). The gene expression data for both shRNAs are deposited in the Gene 
Expression Omnibus (GEO) NCBI database. 
Levels of individual mRNAs in BAP1 depleted cells were determined by RT-PCR. Total 
mRNA (prepared as described above) was used for reverse transcription using the Superscript III 
reverse transcriptase and oligo(dT)12-18 primers (Invitrogen). The obtained cDNAs were subjected 
to PCR amplification with the primer sets described in Supplemental Information. The mRNA 
levels were normalized to GAPDH expression. 
Chromatin immunoprecipitation analysis 
Chromatin immunoprecipitation (ChIP) experiments were conducted essentially as 
previously described (2) with the following modifications. U2OS cells (5 X 106) were cross-linked 
with 1% formaldehyde in PBS at room temperature for 10 min with prior incubation in 1.5 mM 
EGS (ethylene glycolbis [succnimidyl succinate]; Sigma-Aldrich) in PBS for 30 min at room 
temperature as described (42, 73). Following quenching with glycine (125 mM) for 5 min, cells 
were scraped in cold PBS. The cells were first washed with buffer A (50 mM Tris-HCl, pH 8.0; 
0.1% NP40; 2 mM EDTA; 10% glycerol; 1 mM PMSF and protease inhibitors cocktail (Sigma)) 
and then sonicated in Buffer B (50 mM Tris-HCL, pH 8.0; 1% SDS; 10 mM EDTA; 1 mM PMSF 
and protease inhibitors cocktail) to generate 300-600 bp fragments. After centrifugation and pre-
clearing for 1 hour, the suspension was incubated overnight with polyclonal anti-HCF-1, anti-
BAP1, anti-YY1 or a non-relevant antibody used as control. Immunocomplexes were recovered 
with protein A agarose beads (Millipore) and the DNA was purified after decrosslinking with 
phenol-chloroform extraction. Real time PCR was conducted using SYBR green reaction and 
detection kit (Invitrogen) on an iCycler iQ apparatus (Bio-Rad). Quantification was conducted 
using the 2– CT method, where CT is calculated as follows: (ChIP CT– input CT of the control 
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antibody) – (ChIP CT – input CT of the target antibody). The results are shown as a ratio of target 
gene promoter versus reference gene promoter. The amplification efficiency of all primer sets was 
verified before qPCR analysis. All experiments were done at least 3 times and the data shown are 
results of a representative experiment. The primer sets used are described in the Supplemental 
Information. 
Luciferase reporter assays 
HeLa cells were transfected with various amounts of Gal4-BAP1, Gal4-BAP (C91S), 
BAP1 or Gal4 expression plasmids along with 500 ng Gal4-TK-Luciferase or 500 ng TK-
luciferase reporter plasmids. pEGFP-N2 construct (10 ng) was also included to ensure equal 
transfection efficiency between the different conditions. Luciferase activity was measured 2 days 
post-transfection using a luciferase assay (Promega). 
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Results 
BAP1 is assembled into high molecular weight multi-protein complexes and interacts with 
the transcription factor YY1.  
HeLa nuclear extracts were prepared wherein nearly all nuclear BAP1 protein was 
recovered (Figure 1A, top panel). Glycerol density gradient fractionation of these extracts showed 
that most of the endogenous protein is detected as a peak in the high molecular weight fractions 
(~ 1.3 to1.8 MDa), suggesting that BAP1 is assembled into multi-protein complexes (Figure 1A, 
bottom panel). To identify these potential complexes, we generated a stable HeLa cell line 
expressing Flag-HA-BAP1 and conducted a large-scale double immunopurification of the protein 
using anti-Flag and anti-HA columns. Silver stain of the eluted material revealed that several 
polypeptides co-purify with BAP1 (Figure 1B). These proteins are specific since no apparent 
protein bands were detected in the HA elution from the mock purification. Of note, most of the 
proteins co-purifying with BAP1 were readily detectable following the anti-Flag purification step. 
Nonetheless, to ensure high specificity, the HA-eluted material was used for mass spectrometry 
analysis to identify BAP1-interacting partners. Several recently reported as well as novel BAP1-
interacting proteins were recovered (Table S1). As reflected by the protein sequence coverage and 
the number of identified peptides for each protein, the most abundant polypeptides identified 
include the transcriptional regulator HCF-1, the forkhead transcription factors FOXK1 and 
FOXK2, the O-linked N-acetyl glucosamine transferase (OGT), the human homolog of additional 
sex combs ASXL1 and ASXL2, the ETS-related transcription factors ELF-1 and ELF-2, and the 
E2 enzyme UBE20. Less abundant BAP1-interacting proteins comprise specific transcription 
factors and cofactors such as YY1, ZNF131, PRDM10, and the histone H3 K4 demethylase 
KDM1B. To validate these results, we also established a U2OS osteosarcoma cell line stably 
expressing Flag-HA-BAP1. Using this model cell type, we found that, although a small-scale cell 
preparation was used, most of the major BAP1-associated proteins were recovered following 
purification (Table S2).  
Stoichiometric amounts of HCF-1 co-purify with BAP1, as a large number of peptides were 
obtained following mass spectrometry analysis and the intensities of the silver stained bands were 
similar for the two proteins (Figure 1B and Table S1). Since the majority of endogenous BAP1 
protein migrates within a high molecular weight fraction (Figure 1A), we reasoned that all of the 
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cellular BAP1 might be complexed with HCF-1. In fact, nearly all BAP1 protein could be 
immunodepleted from nuclear extracts using an excess of HCF-1 antibody (Figure 1C, top panel). 
As expected, virtually all HCF-1 protein was recovered in the bead fraction. As negative control, 
the nuclear protein PARP1 was shown to remain in the extracts. Next, we immunodepleted BAP1 
using a specific antibody and observed that although nearly all BAP1 was recovered, only a minor 
fraction of HCF-1 was depleted (Figure 1C, bottom panel). This indicates that (i) HCF-1 is highly 
abundant relative to BAP1, and (ii) essentially all cellular BAP1 is complexed with HCF-1. Thus, 
HCF-1 could be a major scaffold protein for BAP1 and might play a critical role in coordinating 
the association of this DUB with other partners to form specific transcription regulatory 
complexes. 
To provide insight into the potential role of BAP1 as a gene-specific transcription regulator, 
we focused in this study on characterizing the interaction of BAP1/HCF-1 with YY1. The anti-HA 
eluted material was fractionated using size exclusion chromatography, which revealed that BAP1 
is assembled into ~1.3-1.8 MDa multi-protein complexes (Figure 1D). These complexes contain 
the transcription factor YY1 and HCF-1, and very likely additional components. Next, the anti-
Flag purified BAP1 material was used as input for immunoprecipitation using anti-HCF-1 
antibody, and both YY1 and BAP1 were co-immunoprecipitated (Figure 1E). These results 
strongly suggest the existence of at least one complex simultaneously containing BAP1, HCF-1 
and YY1. Moreover, the interactions of endogenous YY1 with HCF-1 and BAP1 were also 
confirmed (Figure 1F).  
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Figure 1. BAP1 assembles high molecular weight multi-protein complexes containing YY1 transcription 
factor.  (A) Top panel, extraction of cellular BAP1 protein. HeLa nuclei isolated with hypotonic buffer were extracted 
with 300 mM of KCl for 30 min to obtain the nuclear extract and the chromatin/nuclear matrix pellet fractions. The 
nuclear pellet was washed once. All fractions were resuspended in the same volume and used for to the 
immunodetection of BAP1. TFIID was detected as a marker for the transcriptional machinery and Histone H3 as a 
marker for chromatin.WCE, whole cell extract. Bottom panel, endogenous BAP1 migrates in high molecular weight 
fractions. HeLa nuclear extract was fractionated using glycerol density gradient ultracentrifugation. Fractions 
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collected from the top to the bottom were subsequently used for immunodetection of BAP1. The gradient was 
calibrated with the previously purified CtBP complex whose estimated molecular weight is ~1.3-1.5 MDa. (B) 
Purification of BAP1-associated proteins. A HeLa cell line stably expressing Flag-HA-BAP1 was used for sequential 
double immunopurification using anti-Flag antibody and anti-HA antibody columns. The Flag- or HA-eluted proteins 
were separated by SDS-PAGE and detected by silver staining. The mock purification was conducted using a stable 
cell line generated with the empty vector. Several regions were cut from the gel and the polypeptides were identified 
by mass spectrometry. (C) Immunodepletion of HCF-1 (top panel) or BAP1 (bottom panel) from nuclear extracts 
using an excess of anti-HCF-1 or anti-BAP1 polyclonal antibodies. A non-relevant anti-HA polyclonal antibody was 
used as a control IgG. BAP1 and HCF-1 were immunodetected in the beads and the flow through fractions. The 
nuclear protein PARP1 was detected as a negative control. (D) BAP1 forms high molecular weight multi-protein 
complexes. Fractionation of the BAP1 purified material using a Superose6 HR gel filtration column. The eluted 
complexes were detected with silver stain. BAP1, HCF-1 and YY1 were detected by immunoblotting. (E) Reciprocal 
immunoprecipitation. The Flag purified BAP1 material was used as input for additional immunoprecipitations using 
a polyclonal antibody against HCF-1 or a non-relevant anti-GFP antibody (IgG control). The immunocomplexes were 
extensively washed and YY1, HCF-1 and BAP1 were detected by immunoblotting. (F) Interaction of endogenous 
HCF-1, BAP1 and YY1. HeLa nuclear extract was used for immunoprecipitation using a polyclonal antibody against 
YY1 (top panel), a polyclonal antibody against HCF-1 (bottom panel) or a non-relevant anti-GFP antibody (IgG 
control). The immunocomplexes were washed and YY1, HCF-1 and BAP1 were detected by immunoblotting. 
 
The DUB activity is not required for BAP1 complexes formation. 
It was recently shown that BAP1 can disassemble K48 ubiquitin chains on HCF-1 
suggesting that this DUB might regulate the stability of HCF-1 and possibly other substrates (31, 
36). In addition, ubiquitin peptides were detected following mass spectrometry analysis of BAP1-
associated proteins suggesting that some polypeptides were ubiquitinated (Table S1). Thus, we 
first tested whether loss of BAP1 function affects the stability of YY1. Knockdown of BAP1 using 
two shRNAs resulted in its substantial depletion, whereas no significant changes were observed in 
steady state levels of YY1 or HCF-1 (Figure 2A, left panel). These results were confirmed using 
a pool of 4 different siRNAs targeting BAP1 (Figure 2A, right panel). Next, we sought to 
determine whether DUB activity is required for assembly of BAP1 complexes. For this purpose, a 
stable cell line expressing BAP1 mutated in the catalytic cysteine (C91S) was generated. As BAP1 
wildtype or C91S are not highly expressed, we did not observe a significant difference in cell 
proliferation between these two conditions (data not shown). Importantly, the purified complexes 
containing either BAP1, or its catalytically inactive form, are essentially indistinguishable (Figure 
2B, left panel). These results were confirmed by immunoblotting for some of the associated 
components i.e., YY1 and HCF-1 (Figure 2B, right panel).  
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Figure 2. The DUB activity is not required for the assembly of BAP1 complexes or YY1 stability. 
(A) Depletion of BAP1 does not affect the steady-state levels of YY1 and HCF-1. Left panel, HeLa cells were 
transfected with either non-targeting control or BAP1 shRNA plasmids along with the pBABE puromycin resistance-
encoding vector, and transfected cells were selected by adding puromycin for 2 days prior to harvesting for western 
blotting using the indicated antibodies. Right panel, the siRNA smart pools for human BAP1, or a non-target control, 
were transfected into U2OS cells and expressed for 3 days prior to harvesting for western blotting using the indicated 
antibodies. (B) BAP1 catalytic activity is not required for BAP1 complexes formation. A HeLa cell line stably 
expressing Flag-HA-BAP1 catalytic inactive mutant (C91S) was used along with the wildtype control cells for double 
immuno-purification of BAP1 complexes. Silver staining was conducted on fractions from two elutions (E1 and 
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BAP1 directly interacts with YY1 in vitro and HCF-1 is required for complex formation in 
vivo. 
recombinant proteins including various deletion mutants and conducted in vitro GST 
pulldown assays. We found that BAP1 directly interacts with YY1. The C-terminus region of 
BAP1 (aa 599-729), encompassing the coiled coil domain, is necessary and sufficient for this 
interaction (Figure 3A, top right panel). We used smaller GST-BAP1 deletion fragments within 
the 599-729 aa region and identified the coiled coil domain as the interacting motif (Figure 3A, 
bottom right panel). Thus, BAP1 could simultaneously bind YY1 and HCF-1. Next, we 
demonstrated that in vitro translated full length 35S Met-HCF-1 interacts directly with YY1 and 
the central region of the latter (aa 142-260), which contains the GA/GK rich domain, is required 
for this interaction (Figure 3B, bottom left panel). Finally, we determined that the zinc fingers 
region of YY1 (aa 313-414) is necessary and sufficient for interaction with BAP1 (Figure 3B, 
bottom right panel). Taken together the above data indicate that BAP1, HCF-1 and YY1 interact 
using non-overlapping domains, and thus can form a ternary complex involving binary binding for 
each protein.  
 
xviii-2 
 
 
Figure 3. HCF-1 is required for ternary complex formation with YY1 and BAP1. 
(A) Interaction in vitro between YY1 and BAP1 mutants. Various GST deletion fragments of BAP1 bound to GSH 
beads were incubated with His-YY1 for 8 hours and, following extensive washes, the bead-associated complexes were 
analyzed by coomassie blue staining for GST-BAP1 fragments and western blotting for YY1. HBM, HCF-1 Binding 
Motif; CC, coiled-coil domain. (B) Interaction in vitro between HCF-1 or BAP1 and various YY1 mutants. Bottom 
left panel, interaction in vitro between YY1 and HCF-1. Various GST deletion fragments of YY1 bound to GSH beads 
were incubated with in vitro translated 35S labeled-HCF-1 for 8 hours and following purification, HCF-1 was analyzed 
by autoradiography. Bottom right panel, identification of the YY1 domain required for interaction with BAP1. Various 
GST deletion fragments of YY1 were incubated with His-BAP1 for 8 hours and the bead-associated complexes were 
analyzed by coomassie blue staining and western blotting for BAP1.  
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To further characterize these interactions in vivo, a stable cell line expressing BAP1 lacking 
the HBM was generated and used for the double immunopurification of BAP1-associated proteins. 
Silver staining of the eluted proteins reveals that while some polypeptide bands appear similar 
between wildtype and mutant, several other bands were absent or substantially reduced in the 
elution of the mutant BAP1 (Figure 4A, left panel). As expected, HCF-1 was not detected in the 
elution of the mutant BAP1 (31, 36) (Figure 4A, right panel). Significantly, BAP1 interaction with 
YY1 was dramatically reduced between the wildtype and the mutant lacking HBM, suggesting 
that HCF-1 is required for optimal interaction between YY1 and BAP1 in vivo. Of note neither 
YY1 nor HCF-1 levels were changed upon expression of BAP1 lacking HBM. Next, we depleted 
HCF-1 using shRNA and immunopurified BAP1. As expected, substantially reduced levels of 
HCF-1 were observed following the BAP1 purification (Figure 4B), and the interaction of BAP1 
with YY1 was again reduced. Altogether, these data indicate that BAP1, HCF-1, and YY1 form a 
ternary complex in vivo, strongly suggesting a functional link between these proteins. We then 
sought to determine whether the DUB activity of BAP1 is modulated by its interacting partners 
using similar amounts of  BAP1, either recombinant or assembled into complexes, i.e., WT, 
ΔHBM and C91S (Figure 4C, left panel). Deubiquitination assays toward the substrate ubiquitin-
AMC (Figure 4C, right panel) were conducted. As expected, no activity could be detected for the 
catalytic inactive BAP1 used as control. However recombinant BAP1 and BAP1 complexes 
(wildype or ΔHBM) exhibited similar DUB activities.  
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Figure 4. HCF-1 is required for ternary complex formation with BAP1 and YY1 in vivo. 
(A) HCF-1 is required for proper assembly of BAP1 complexes. A HeLa cell line stably expressing Flag-HA-BAP1 
lacking the HBM was used for immunopurification using anti-Flag and anti-HA antibodies. The eluted material was 
used for SDS-PAGE and silver stain (left panel). Immunoblotting detection of BAP1, HCF-1 and YY1 (right panel). 
The BAP1 wildtype (WT) was used as a control. (B) Depletion of HCF-1 destabilizes BAP1 interaction with YY1. A 
HeLa cell line stably expressing Flag-HA-BAP1 was transfected with either a non-targeting control or HCF-1 shRNA 
plasmid along with the pBABE puromycin resistance-encoding vector, and transfected cells were selected by adding 
puromycin for 2 days prior harvesting for double immunopurification of BAP1. The eluted proteins were detected by 
western blotting using the indicated antibodies.(C) Cleavage of Ub-AMC by various BAP1 complexes (WT, C91S 
and ∆HBM) and recombinant BAP1. Left panel, equal quantities of BAP1 were used for deubiquitination reactions 
with 37.5 pmol of Ub-AMC. Right panel, release of AMC was monitored by fluorescence spectroscopy (Excitation: 
380 nm and Emission: 460 nm). All experiments were repeated at least 3 times and the data are presented as mean ± 
SD. a.u., arbitrary units. 
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BAP1 is associated with transcriptionally active chromatin. 
Most of the BAP1-interacting proteins are known to be involved in chromatin-associated 
processes suggesting a role for BAP1 in regulating gene expression. BAP1 was shown to associate 
with chromatin (31). In our study, we found that this protein is mostly excluded from 
heterochromatic regions as indicated by the nearly mutually exclusive staining between BAP1 and 
the highly packed chromatin, i.e., regions strongly stained with DAPI (Figure 5A). Thus, we set 
out to determine whether BAP1 is associated with transcriptionally active regions by isolating the 
chromatin fraction and conducting short-term incubations with micrococcal nuclease (MNase) to 
release accessible nucleosomes. Nearly all BAP1 was recovered in the soluble fraction (Figure 
5B). As expected, the basal transcription factor TFIID and RNA pol II were also recovered 
predominantly in the soluble fraction. HCF-1 and YY1 were found in this fraction as well, but to 
a lesser extent than BAP1 or RNA pol II. Histone H3 was only partially recovered indicating that 
a fraction less accessible to MNase, the heterochromatin, remained in the pellet. Consistent with 
this, histone H3 trimethylated at lysine 27, which is associated with transcriptional repression and 
compacted chromatin (49), was found predominantly in the pellet. These results suggest that BAP1 
is associated with actively transcribed regions where it might form complexes with HCF-1, YY1 
and other regulators to control gene expression. Although, BAP1/HCF-1 and YY1 were found on 
chromatin, the possibility remained that these proteins coexist in different complexes. To 
determine whether BAP1/HCF-1/YY1 indeed form a complex on chromatin, we immunopurified 
BAP1 from the chromatin fraction following digestion with MNase. We found that BAP1 
immunoprecipitated both HCF-1 and YY1 from this fraction (Figure 5C, right panel). Of note, 
MNase digestion was nearly complete as indicated by the release of mononucleosomes (Figure 
5C, left panel).  
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Figure 5. A BAP1/HCF-1/YY1 complex is associated with euchromatin regions.  
(A) Immunolocalization of BAP1 in U2OS cells, indicating that this DUB is mostly excluded from heterochromatic 
regions. To ensure the specificity of immunostaining, U2OS cells were transiently transfected with siRNA against 
BAP1 and at three days post-transfection cells were used for immunostaining employing a BAP1 monoclonal 
antibody. Following Z-stacks image acquisition, RGB profiles were generated by WCIF-ImageJ program (NIH). 
Although most of the cells are depeleted of BAP1, some were not transfected and show normal BAP1 expression. In 
the image shown, the cell delimited with the discontinuous line has been RNAi-depleted for BAP1. The other cell 
shown in the image presumably did not receive the siRNA and expresses normal levels of BAP1.  The intensity of 
fluorescence signals for BAP1 (red) and DNA (blue) at the indicated bars are shown in relative units (bottom right 
panel). (B) BAP1 as well as other components of the BAP1 complexes are associated with euchromatin. The 
chromatin/nuclear matrix fraction was treated with micrococcal nuclease (MNase) to release nucleosomes. Proteins 
were detected in the soluble and pellet fractions by immunoblotting or coomassie blue staining. (C) Purification of 
BAP1/HCF-1/YY1 from chromatin fraction. Chromatin fraction of HeLa cells stably expressing Flag-HA-BAP1 was 
digested with MNase (3U/ml) for 10 min. Following centrifugation at 13,000 g/10 min, an aliquot was used for phenol-
chloroform extraction of DNA and agarose gel analysis (left panel). Immunopurification of BAP1 was conducted with 
the prepared chromatin fraction. The eluted proteins were detected using BAP1, YY1 and HCF-1 antibodies (right 
panel).  
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BAP1 is a transcriptional co-activator and regulates the expression of genes involved in 
numerous cellular processes. 
To elucidate the role of BAP1 in transcription regulation, a well-established transcription 
reporter assay was used (24). This consists of targeting a protein of interest, fused in frame with 
the GAL4 DNA binding domain, to the luciferase reporter driven by a promoter containing GAL4 
binding sites and the thymidine kinase promoter (Figure 6A). A fusion between the DNA binding 
domain of Gal4 (1-147aa) and BAP1 was generated and expressed in HeLa cells by transient 
transfection (Figure 6B, bottom panel). Gal4-BAP1 activated transcription of the reporter gene by 
3 to 4 fold (Figure 6B, top panel). This effect was not observed following expression of BAP1 
alone, the Gal4 domain alone, or Gal4-BAP1 along with a thymidine kinase reporter lacking Gal4 
binding sites. Altogether, these results suggest that transcription activation by Gal4-BAP1 requires 
DNA binding and is not an indirect effect. A Gal4-BAP1 mutant lacking the HBM, expressed at 
the same levels as the wildtype (Figure 6C, right panel),  also activated transcription although less 
efficiently than the wildtype form (Figure 6C, left panel). Importantly, a Gal4-BAP1 catalytic 
inactive mutant (C91S) was unable to activate transcription suggesting that BAP1 regulates gene 
expression in a DUB activity-dependent manner (Figure 6D, top panel). We note that although 
BAP1 C91S was expressed at lower levels than the wildtype for the same quantity of transfected 
DNA (Figure 6D, bottom panel), no reporter activation was observed with C91S over a wide range 
of plasmid concentrations.  
 
 
 
 
 
xxiv-2 
 
 
Figure 6. BAP1 activates transcription in a DUB-activity dependent manner. 
(A) Schematic representation of the Gal4 transcription system. A transcription reporter assay was conducted by 
targeting BAP1 to the Gal4-TK-luciferase using Gal4-BAP1 fusion protein. This consists of targeting a protein of 
interest, fused in frame to the GAL4 DNA binding domain, to the luciferase reporter driven by a promoter containing 
GAL4 binding sites and the thymidine kinase proximal promoter. (B) Gal4-BAP1 activates transcription. HeLa cells 
were transfected with 100 ng of Gal4-BAP1, BAP1 or Gal4 expression plasmids along with 500 ng Gal4-TK-
Luciferase or 500 ng TK-Luciferase reporter plasmids. Equal expression of various BAP1 constructs was confirmed 
by western blotting using anti-BAP1 (bottom panel) and luciferase activity was measured (top panel) at 2 days post-
transfection. (C) HCF-1 is essentially dispensable for Gal4-BAP1 transcriptional activity. The Gal4 reporter assay 
was conducted using 500 ng Gal4-TK-Luciferase and equal amount of Gal4-BAP1 WT and Gal4-BAP1 ∆HBM. The 
expression of BAP1 constructs was monitored by western blotting (right panel) and luciferase activity was measured 
(left panel) at 2 days post-transfection. (D) The BAP1 catalytic activity is required for transcription activation. The 
Gal4 reporter assay was conducted using 500 ng Gal4-TK-Luciferase and various amounts of Gal4-BAP1 WT or the 
catalytic inactive mutant (C91S). The expression of BAP1 constructs was monitored by western blotting (bottom 
panel) and luciferase activity was measured (top panel) at 2 days post-transfection. All experiments were repeated at 
least 3 times and the results shown are from a representative experiment. Data are presented as mean ± SD. 
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In order to identify potential BAP1 target genes, global mRNA expression profiling using 
microarrays was conducted following BAP1 depletion in U2OS cells using two shRNA constructs 
and a non-targeting shRNA as a control. The gene expression data for both shRNAs are deposited 
in the Gene Expression Omnibus (GEO) NCBI database. Using the cut-off of two-fold difference 
relative to the control, we found that BAP1 depletion resulted in significantly elevated or decreased 
expression of about 249 genes (137 up-regulated and 112 down-regulated). Among these genes, 
several are associated with cell cycle progression, DNA damage signaling/repair, as well as 
survival and metabolism, suggesting that BAP1 participates in a diverse cellular processes (Figure 
7A and Table 1). Interestingly, several E2F target genes including skp2, p107, cdc2, cdc25a were 
downregulated. The effect of BAP1 knockdown on the expression of some of these genes and 
others was further validated by RT-PCR (Figure 7B).  
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Figure 7. BAP1 regulates the expression of genes involved in numerous cellular processes. 
(A) Functional analysis of genes deregulated following BAP1 depletion. The bar chart was generated by Ingenuity 
Pathways Analysis Version 8.5 using 1244 genes deregulated for both shBAP1s (Fold change: less than 0.7 and more 
than 1.5). The p value is calculated using the Fisher Exact Test. The smaller the p-value the less likely that the 
association is random. The line denotes the cutoff for significance (p value of 0.05).  (B) RT-PCR analysis of selected 
genes. U2OS cells were transfected with either a non-targeting control or BAP1 shRNA plasmids along with the 
pBABE puromycin resistance-encoding vector, and transfected cells were selected by adding puromycin for 24 hours 
prior to synchronization at the G1/S border by the method of double thymidine block. mRNA quantification was 
conducted by real time RT-PCR analysis. All experiments were repeated at least 3 times and the data are presented as 
mean ± SD. 
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BAP1 is recruited by YY1 to regulate cox7c gene expression. 
It is not known whether BAP1 assembles complexes that can be recruited to specific 
promoters to activate transcription. In light of our data, we reasoned that BAP1 might be recruited 
by YY1 to regulate gene expression. To investigate this possibility, we selected cox7c, one of the 
most downregulated genes based on our microarrays data. cox7c encodes a subunit of the 
holoenzyme that mediates the terminal step of the mitochondrial electron transport chain. The 
bovine cox7c promoter has been shown to contain two YY1 binding sites, mutations in which 
abrogate most of the promoter activity (50). These sites are highly conserved in mouse and human 
(Figure 8A). First, we confirmed that COX7C protein levels were also downregulated following 
BAP1 depletion in U2OS and HeLa cells (Figures 8B). Moreover, similar results were obtained 
following knockdown of HCF-1 (Figures 8B). Interestingly, depletion of YY1 induces a 
significant increase of COX7C expression in both HeLa and U2OS cells (Figure 8B). To determine 
whether BAP1 regulates cox7c expression in a DUB activity-dependent manner, we transducded 
U2OS cells with retroviral particles to overexpress either BAP1 or C91S mutant (Figure 8C). 
BAP1 C91S significantly inhibited the expression of COX7C protein, an effect not observed with 
the wildtype form. Of note, BAP1 C91S is a bona fide dominant negative mutant since it competes 
with wildtype BAP1 for assembly of the same multi-protein complexes (Figure 2B). To further 
characterize the role of the BAP1/HCF-1/YY1 complex in regulating gene expression, we 
conducted ChIP assays and found that these proteins are all enriched on the promoter region of 
cox7c, but not on the β-globin promoter (Figure 8D, left panel). Moreover, YY1 depletion by 
shRNA significantly decreased the enrichment of BAP1 and HCF-1 on the cox7c promoter 
indicating an essential role of YY1 in targeting BAP1/HCF-1 to specific gene regulatory regions 
(Figure 8D, left panel). Of note, shRNA-mediated depletion of YY1 did not affect either HCF-1 
or BAP1 levels (Figure 8D, right panel). 
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Figure 8. YY1 recruits BAP1 to co-activate cox7c expression. 
(A) Alignment of cox7c promoter sequences from various mammalian species, Homo Sapiens, NC000005.9; Bos 
Taurus, NC007305.3; Mus Musculus NC000079.5. The YY1 binding sites are framed. The TSS is underlined. (B) 
Expression of COX7C following depletion of BAP1, HCF-1 or YY1. COX7C protein levels following transfection 
with BAP1 (left panel), HCF-1 (middle panel), YY1 (right panel) or non-target control shRNAs in U2OS or HeLa 
cells. Following transfection and selection with puromycin for 2 days, cells were harvested for immunoblotting. (C) 
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Downregulation of COX7C following expression of catalytic inactive BAP1. U2OS cells were transduced with 
retroviral particles to overexpress either BAP1 or its catalytic inactive form (C91S). Following 3 days, cells were 
harvested for western blotting using the indicated antibodies. (D) cox7c promoter occupancy by YY1, BAP1, and 
HCF-1. YY1 shRNA was expressed in U2OS cells by transfection and selection with puromycin for 2 days before 
harvesting for ChIP (left panel) or western blotting (right panel). ChIP was conducted using polyclonal antibodies 
against BAP1, HCF-1 or YY1. An IgG was used as control. The enrichment of factors was calculated versus βglobin 
promoter used as a control. All experiments were repeated at least 3 times and the results shown are from a 
representative experiment. Data are presented as mean ± SD. (E) Model representing the recruitment of BAP1 and 
HCF-1 to the cox7c promoter by the transcription factor YY1. 
 
Discussion  
In this study, we identified novel BAP1-interacting proteins and showed that nearly all 
cellular BAP1 forms high molecular weight multi-protein complexes with several transcription 
factors and cofactors. The associated partners are likely to play critical roles in targeting BAP1 to 
potential substrates, thereby regulating its function. Based on the relative abundance of BAP1-
associated proteins purified from HeLa or U2OS cells, and on data from other studies (31, 36, 54), 
it appears that HCF-1, ASXL1 and/or ASXL2, OGT, FOXK1 and/or FOXK2 might form a BAP1 
core complex. This minimal complex may selectively associate with additional regulators or 
transcription factors to form specific functional complexes in a cell type- and/or promoter-
dependent manner. Indeed. sub-stoichiometric levels of several transcription factors co-purified 
with BAP1. These factors are involved a wide range of cellular processes, suggesting that BAP1 
might exert a much broader role in regulating cell function than previously appreciated. Consistent 
with this notion, BAP1 depletion by RNAi induced profound changes in the expression of genes 
mediating and/or controlling numerous cellular pathways. Further studies will be needed to 
investigate how BAP1, via selective interactions with specific transcription factors and cofactors, 
regulates specific biological responses.  
We provided strong evidence that BAP1 is a transcriptional co-activator: i) BAP1 
associates with transcriptionally active chromatin. ii) BAP1 acts as an activator, in a DUB activity-
dependent manner when targeted to a promoter using the Gal4 system. iii) Genome wide 
expression analysis reveals a considerable number of genes downregulated following BAP1 
depletion. iv) BAP1 directly occupies the cox7c promoter, and depletion of BAP1 results in 
downregulation of this gene. It is also possible that BAP1 possesses dual co-activator/co-repressor 
functions, depending upon its association with specific transcription factors and cofactors on the 
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regulatory elements of target genes. In agreement with this latter hypothesis, some BAP1-
interacting proteins including HCF-1, YY1, OGT and ASXL are known to interact with both co-
activators and co-repressors (5, 9, 12, 43, 53, 68, 70, 71). In addition, a significant number of genes 
were up-regulated following depletion of BAP1. This suggests that BAP1 might exert a repressive 
effect on their promoters although these genes could constitute indirect targets, i.e., their up-
regulation results from secondary changes induced by BAP1 depletion.  
Using YY1 as a model for sequence-specific transcription factors that interact with 
BAP1/HCF-1, we demonstrated that these three proteins form a ternary complex in vivo which can 
associate with chromatin. Moreover, we found that BAP1 and HCF-1 are recruited by YY1 to co-
activate cox7c, a gene previously reported to depend on YY1 binding sites for transcriptional 
activation (50). While depletion of BAP1 or HCF-1 reduces expression of cox7c, in contrast 
depletion of YY1 induces an increase in expression of this gene. These results suggest that YY1 
possesses a dual function of both repressor and activator of cox7c, depending on its association 
with the HCF-1/BAP1 co-activator complex. A similar repression/activation mechanism by YY1 
has been previously shown for the murine beta interferon promoter (37, 63). Consistent with this 
model, YY1 interacts with HCF-1 through the central region containing a GA/GK rich domain, 
previously shown to be involved in interactions with HDACs (70). This suggests that the 
association of YY1 with HCF-1/BAP1 is mutually exclusive with respect to its interaction with 
HDAC co-repressive complexes. With respect to cox7c expression, it is well-known that nuclear-
encoded mitochondrial genes including components of the cytochrome C oxidase complex are not 
constitutively expressed, but rather subject to tight regulation by several transcription factors and 
cofactors depending on the state of cell growth, energy balance and other tissues-specific needs 
(18). Therefore, such genes are expected to oscillate between activation and repression states.  
It is not clear at the present time whether BAP1 might regulate all YY1 target genes. It is 
possible that it might regulate only a subset of these targets, perhaps those on which YY1 acts as 
an activator only or on which it might exert dual activator/repressor function. Other transcription 
factors might dictate the specificity via interaction with YY1. Indeed YY1 is well known to interact 
with numerous transcription factors such as SP1, C-myc, and E2Fs (25, 48, 74). HCF-1, via 
additional interactions, might also contribute to the selectivity of recruitment of BAP1 to specific 
YY1-target genes. In this respect it is not surprising that Gal4-BAP1 lacking HBM is only slightly 
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impaired in transcription activation, suggesting that the interaction between HCF-1 and BAP1 
might be mostly involved in recruitment of the latter to specific promoters.  
Precisely how the assembled BAP1/HCF-1/YY1 complex acts to induce activation of 
cox7c or other target genes remains to be established. Nonetheless, the data suggest that the 
molecular mechanism involves ubiquitin signaling and deubiquitination of specific substrates on 
target promoters. BAP1 might be continuously needed to prevent degradation of HCF-1 (31, 36). 
Although the stability of the total cellular pool of HCF-1 is not significantly affected by BAP1 
depletion, it is nonetheless possible that BAP1 stabilizes HCF-1 only on specific promoters 
following recruitment by YY1 or other transcription factors. Consistent with this, a BAP1 catalytic 
inactive mutant exerts a dominant negative effect on cox7c expression. It is also plausible that 
HCF-1 association with BAP1 and YY1 targets the DUB activity to deubiquitinate histones, 
specific transcription factors, or components of the general transcription machinery. Consistent 
with this, the drosophila BAP1 Calyposo deubiquitinates H2A, a histone mark associated with 
gene repression (47). However, Calyposo does not possess HBM and thus the mammalian BAP1 
appears to selectively associate with HCF-1 and numerous other proteins not found with Calypso. 
In addition, in contrast to Calypso whose activity on ubiquitin AMC is very low when not 
associated with ASX, the recombinant mammalian BAP1 appears to have the same activity as 
complexed BAP1. We note that although BAP1 partners do not affect its DUB activity on 
ubiquitin-AMC, this does not exclude the possibility of their effect in the context of a physiological 
substrate in vivo. 
 Our results also shed light on the biological function of BAP1. This DUB was previously 
shown to be required for proper cell cycle progression, particularly the G1/S transition (31, 41), 
Moreover we observed similar effects in U2OS (data not shown), the cell type used here for global 
gene expression analysis. We also provided molecular insight linking BAP1 to the control of cell 
cycle genes including subsets of E2F targets. In addition HCF-1 is known to be required for normal 
G1/S transition, and was recently shown to play a major role in regulating the expression of E2F 
target genes by promoting histone H3 K4 trimethylation (21, 58). Thus, BAP1 might play a pivotal 
role in regulating the G1/S transition under normal and possibly stress conditions. Supporting this 
view, BAP1 is phosphorylated on an ATM/ATR consensus motif in response to DNA damage (33, 
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55), suggesting that these critical DNA damage-responsive checkpoint kinases might regulate 
BAP1 DUB activity and thus its function in controlling expression of cell cycle genes. 
BAP1 might also participate in transcriptional regulatory programs that coordinate cell 
growth with cell cycle. For instance, in addition to cox7c, the expression of several mitochondrial 
and general metabolism genes are shown here to be deregulated upon BAP1 knockdown. 
Interestingly, recent bioinformatics and genome-wide promoter occupancy studies indicated that 
YY1 binding sites are enriched in the promoter regions of nuclear genes that encode mitochondrial 
proteins (59, 69). Moreover, NRF1, a major regulator of mitochondrial respiration, co-purifies 
with BAP1 (Table S1); and both YY1 and NRF1 binding sites are frequently found in close 
proximity in a large number of promoters of genes encoding mitochondrial proteins (59, 69). 
Furthermore HCF-1 has been found to interact with, and increase the transcriptional activity of, 
peroxisome proliferator-activated receptor gamma co-activator-1 (PGC-1), a major transcriptional 
regulator of mitochondrial biogenesis (27, 61). Thus BAP1 might play an important role in 
dynamically controlling transcriptional responses that coordinate mitochondrial function. Such 
responses in turn could constitute targets of stress signaling pathways (e.g., induced by DNA 
damage) that orchestrate adaptative metabolic responses.  
In summary, our work indicates that BAP1 associates with several transcription factors and 
co-factors and is a gene-specific transcription regulator. As such, our findings establish a 
framework for further studies to (i) delineate the exact role of BAP1 in regulating the expression 
of genes involved in cell cycle progression, and (ii) define how deregulation of BAP1 function 
contributes to tumorigenesis. 
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Summary  
The tumor suppressor BAP1 interacts with chromatin-associated proteins and regulates cell 
proliferation, but its mechanism of action and regulation remain poorly defined. We show that the 
ubiquitin conjugating enzyme UBE2O multi-mono-ubiquitinates the nuclear localization signal of 
BAP1, thereby inducing its cytoplasmic sequestration. This activity is counteracted by BAP1 auto-
deubiquitination through intramolecular interactions. Significantly, we identified cancer-derived 
BAP1 mutations that abrogate auto-deubiquitination and promote its cytoplasmic retention, 
indicating that BAP1 auto-deubiquitination ensures tumor suppression. The antagonistic 
relationship between UBE2O and BAP1 is also observed during adipogenesis, whereby UBE2O 
promotes differentiation and cytoplasmic localization of BAP1. Finally, we established a putative 
targeting consensus sequence of UBE2O and identified numerous chromatin remodeling factors 
as potential targets, several of which tested positive for UBE2O-mediated ubiquitination. Thus, 
UBE2O defines an atypical ubiquitin-signaling pathway that coordinates the function of BAP1 
and establishes a paradigm for regulation of nuclear trafficking of chromatin-associated proteins.  
 
Highlights 
• UBE2O ubiquitinates BAP1 on its NLS, and regulates its subcellular localization 
• The mechanism of BAP1 auto-deubiquitination is disrupted in cancer 
• UBE2O and BAP1 have antagonistic roles in cell cycle regulation and differentiation 
• UBE2O targets itself and a subset of chromatin regulators 
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Introduction 
 
The covalent attachment of ubiquitin to target proteins, i.e., ubiquitination, regulates both 
protein stability and function, and is fundamental to diverse biological processes (Hammond-
Martel et al., 2012; Jackson and Durocher, 2013). The deubiquitinase (DUB) BAP1 is a 
transcriptional regulator required for mammalian development (Dey et al., 2012; Yu et al., 2010). 
BAP1 is also a tumor suppressor inactivated in various cancers, and reconstitution studies in cancer 
cells harboring BAP1 mutations indicated that both BAP1 catalytic activity and nuclear 
localization are required for its growth suppressive properties (Carbone et al., 2013; Ventii et al., 
2008). Moreover, RNAi-mediated depletion of BAP1 also induces defects in cell cycle progression 
indicating that this protein is a key regulator of cell proliferation (Machida et al., 2009). At the 
molecular level, BAP1 assembles a large multi-protein complex consisting of numerous 
transcription factors and chromatin-associated proteins including the Host Cell Factor-1 (HCF-1), 
the Polycomb Group (PcG) proteins Additional Sex Combs Like 1 and 2 (ASXL1/2), the histone 
demethylase KDM1B, the O-linked N-acetylglucosamine transferase (OGT), the forkhead 
transcription factors FOXK1/FOXK2, and the zinc finger transcription factor Yin Yang1 (YY1) 
(Machida et al., 2009; Misaghi et al., 2009; Sowa et al., 2009; Yu et al., 2010). 
The Drosophila BAP1, Calypso, is a PcG protein that interacts with Additional Sex Combs 
(ASX), localizes at PcG-target gene regulatory regions, and represses HOX gene expression. 
Calypso/ASX heterodimer, termed PR-DUB (Polycomb repressive DUB), deubiquitinates histone 
H2A (Scheuermann et al., 2010), a chromatin modification involved in chromatin remodeling and 
gene silencing (Lanzuolo and Orlando, 2012). 
We and others previously identified the ubiquitin conjugating enzyme UBE2O as a 
substoichiometric factor that co-purifies with the human BAP1 (Machida et al., 2009; Sowa et al., 
2009; Yu et al., 2010), suggesting that it might be involved in the coordination of BAP1 function. 
UBE2O belongs to the E2 family of ubiquitin-conjugating enzymes, although, unlike most 
members of this family, it is unusually large (140 kDa) (van Wijk and Timmers, 2010). Pioneering 
studies from Pickart’s group suggested that UBE2O might function as an E2/E3 hybrid (Berleth 
and Pickart, 1996; Klemperer et al., 1989). This was essentially based on the observation that 
UBE2O can ubiquitinate free histones in vitro, in the presence of E1 enzyme only. It has been 
proposed that ubiquitination by UBE2O involves an intramolecular thioester relay mechanism 
xlii-2 
 
since this enzyme is inhibited by phenylarsine oxide (PAO) which can crosslink adjacent cysteines 
(Klemperer et al., 1989). Otherwise, the physiological substrates of UBE2O are largely unknown.  
Nonetheless, it was recently shown that UBE2O regulates TRAF6-dependent NF-κB in a catalytic 
activity-independent manner (Zhang et al., 2013b), monoubiquitinates SMAD6 during bone 
morphogenetic protein signaling (Zhang et al., 2013a), and coordinates endosomal protein 
trafficking (Hao et al., 2013) thus implicating UBE2O in numerous cellular processes. In this 
study, we uncover a novel ubiquitin-signaling pathway, mediated by UBE2O, that has important 
implications for chromatin-associated processes. 
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Figure 1. UBE2O interacts with and ubiquitinates BAP1 and this effect is actively counteracted by BAP1 auto-
deubiquitination. (See also Figure S1). A) Purified BAP1 complexes were used for western blot. B) HeLa nuclear 
extract was resolved by glycerol gradient, and used for western blot. C) 293T cells were co-transfected with 2 µg of 
HA-Ub, 2 µg of Myc-UBE2O (wild type or CD), and 1 µg of Flag-BAP1 (wild type or C91S) expression vectors, and 
cell extracts were used for immunoprecipitation. D) Top, schema representing the human UBE2O with secondary 
structure prediction (alpha helixes are in red and beta strands are in yellow). The main predicted domains are indicated 
as CR1 (conserved region 1), CR2 (conserved region 2), UBC (ubiquitin conjugating) and CTR (C-terminal region). 
Bottom, schema representing UBE2O deletion mutants used for the ubiquitination assay. E) 293T cells were co-
transfected with 2 µg of HA-Ub, 2 µg of Myc-UBE2O fragments, and 1 µg of C91S expression vectors, and cell 
extracts were used for western blot. 
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Results 
The ubiquitin conjugating enzyme UBE2O interacts with and ubiquitinates BAP1  
We previously described the purification of complexes formed by wild type and catalytic 
dead BAP1 (C91S)  (Yu et al., 2010). The complexes were essentially identical, although when 
probed with an anti-ubiquitin antibody, the C91S complex exhibited a dramatic increase in signal 
(Figure 1A). We also routinely observed mono-ubiquitination of BAP1 in transfected cells, 
independently of its DUB activity (Figure 1A and Figure S1A-E). This suggests that BAP1 might 
be functionally regulated by distinct ubiquitination events in DUB activity-dependent and -
independent manner. To identify E3 ligases responsible for the ubiquitination of BAP1, we initially 
considered UBE2O which was more abundant in the C91S versus the wild type BAP1 complex 
(Figure 1A). The UBE2O association with BAP1 was not affected by mutation of the HCF-1 
Binding Motif (HBM) which eliminates HCF-1, a major component of the complex (Figure 1A). 
Glycerol density gradient fractionation of nuclear extracts indicated that UBE2O co-sediments 
with the BAP1 complex (Figure 1B). Next, we co-transfected BAP1 or C91S with UBE2O or its 
catalytic dead mutant C1040S (hereafter UBE2O CD) and ubiquitin into 293T cells. Strikingly, 
UBE2O ubiquitinates BAP1, and modified forms were more abundant in the C91S mutant (Figure 
1C). Incubation of UBE2O-modified BAP1 C91S with an excess of USP2 DUB catalytic domain 
resulted in its complete deubiquitination further demonstrating ubiquitin conjugation (Figure S1F). 
Of note, deletion of the UCH catalytic domain results in the abolishment of the constitutive mono-
ubiquitination (Figure S1G). On the other hand, a similar UBE2O-dependent ubiquitination pattern 
could be observed for BAP1 C91S or BAP1 ∆UCH indicating that UBE2O-mediated 
ubiquitination is distinct from its constitutive mono-ubiquitination.  
To control for the specificity of UBE2O-mediated BAP1 ubiquitination, we evaluated other 
E2s and none was able to ubiquitinate BAP1 (Figure S1H,I). We also tested two known H2A 
DUBs, i.e., USP16 and MYSM1, as well as the SUMO protease SENP2, and no UBE2O-mediated 
ubiquitination could be observed (Figure S1J). Using multiple sequence alignment, we identified 
three main conserved regions in UBE2O namely CR1 (conserved region 1), CR2 (conserved 
region 2) and UBC (Ubiquitin conjugating) (Figure 1D, Figure S1K). Secondary structure 
prediction analysis revealed all-β domains within CR1 and CR2 and the typical α/β UBC fold. 
Deletion of either N- (ΔCR1-CR2) or C-terminal (ΔC) regions of UBE2O completely disrupted 
BAP1 ubiquitination (Figure 1D, E). Moreover, deletion of only the N-terminal CR1 region 
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(ΔCR1-A) was sufficient to abolish UBE2O catalytic activity. Hence, the integrity of multiple 
domains of UBE2O is required for ubiquitination of BAP1.  
 
UBE2O catalyzes the multi-mono-ubiquitination of BAP1  
To determine the mechanism of UBE2O action on BAP1, we established an in vitro assay 
for BAP1 ubiquitination using wild type and C91S complexes immobilized on the beads (Figure 
S2A). UBE2O-mediated ubiquitination appears to be highly specific for the C91S mutant as no 
modified forms were observed for other BAP1 partners (Figure 2A). Moreover, ubiquitination of 
the C91S mutant did not disrupt complex integrity, since none of the complex components was 
released into the soluble fraction in a UBE2O-dependent manner (Figure 2A). Notably, we did not 
detect ubiquitination of wild type BAP1 as opposed to C91S, and this ubiquitination was 
completely abolished by the UBE2O inhibitor PAO (Figure 2A, Figure S2B). We note that 
UBE2O, purified from HeLa cells under high or low salt conditions or from bacteria, ubiquitinates 
C91S to similar extents (Figure S2C,D). Importantly, although less efficient, ubiquitination was 
also observed using bacteria-purified BAP1 and UBE2O (Figure S2E). Therefore UBE2O is an 
atypical E2/E3 enzyme with substrate binding and ubiquitin conjugating functions. 
To further confirm that auto-deubiquitination prevents accumulation of ubiquitin on BAP1, 
the beads-bound wild type complex was pretreated with N-ethylmaleimide (NEM), which resulted 
in a significant ubiquitination of BAP1 by UBE2O (Figure S2A, Figure 2B). Next, we used 
methylated ubiquitin, which is unable to form poly-ubiquitin or linear chains in the in vitro reaction 
(Figure 2C). The reaction with methylated ubiquitin was as efficient as with the unmodified 
ubiquitin and resulted in a similar ubiquitination pattern, indicating that UBE2O multi-mono-
ubiquitinates BAP1. The same observation was made in vivo when a K0 ubiquitin mutant, 
incapable of chain formation, was used for co-transfection of 293T cells with the C91S mutant and 
UBE2O (Figure 2D). Next, 293T cells were co-transfected with wild type BAP1 or C91S mutant 
and UBE2O, and then treated with the proteasome inhibitor MG132 (Figure 2E). The typical multi-
mono-ubiquitination pattern of BAP1 was unchanged after proteasome inhibition, indicating that 
UBE2O is unable to directly catalyze poly-ubiquitin chain elongation with subsequent degradation 
of BAP1. Immunodetection of endogenous CDC25A was conducted as a control for proteasome 
inhibition. Next, we tested several E3s that interact with either UBE2O or BAP1 and no further 
chain elongation was observed (Figure S2F-I). To further confirm that the stability of BAP1 is not 
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directly regulated by UBE2O, we performed siRNA knockdown of UBE2O in MCF7 cells, which 
express high protein levels of this enzyme, followed by treatment with cycloheximide (CHX) 
(Figure 2F). Endogenous BAP1 appears to be highly stable and UBE2O knockdown did not 
significantly change BAP1 protein levels. We concluded that UBE2O catalyzes BAP1 multi-
mono-ubiquitination without directly promoting its proteasomal degradation under normal growth 
conditions. Of note, UBE2O depletion also did not affect the constitutive mono-ubiquitination of 
BAP1 observed in cells transfected with this DUB (Figure S2J).  
 
The NLS of BAP1 is required for UBE2O-mediated ubiquitination 
Using a GST pull down assay, we found that the BAP1 C-terminal region (598-729 aa), 
which includes the C-terminal domain (CTD) and NLS, is necessary and sufficient for UBE2O 
binding (Figure 3A). Surprisingly, co-expression of UBE2O with CTD-NLS promoted the latter’s 
degradation by the proteasome, since it could be reversed by MG132 (Figure 3B, left panel and 
Figure S3A, B). Immunoprecipitation of the CTD-NLS revealed an ubiquitination pattern similar 
to that of the full length BAP1 (4-5 sites of multi-mono-ubiquitination), although some high 
molecular weight smears were also detected (Figure 3B, right panel). Next, we found that both 
wild type and K0 ubiquitin mutants promoted UBE2O-mediated multi-mono-ubiquitination and 
degradation of the CTD-NLS (Figure S3C). Moreover, knockdown of endogenous UBE2O 
rescued the degradation of CTD-NLS (Figure 3C). These results confirm that the CTD-NLS 
represents both the interaction and ubiquitination region for UBE2O. The degradation of CTD-
NLS can be explained by the small size of this region (only 101aa), in line with a recent discovery 
by Ciechanover’s group indicating that monoubiquitinated substrates of less than 150 aa can be 
degraded without further ubiquitin chain formation (Shabek et al., 2012). Next, we purified the 
complex of the BAP1∆CTD mutant that possesses a large deletion of aa 631-693 leaving only the 
NLS region intact (aa 699-729) (Figure 3D). The abundance of UBE2O was nearly unchanged 
between the wild type and the mutant indicating that UBE2O binds the NLS region. 
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Figure 2. Characterization of UBE2O mediated ubiquitination of BAP1. (See also Figure S2). 
A) In vitro ubiquitination reaction with beads-immobilized BAP1 or C91S complexes incubated with immunopurified 
UBE2O. Fractions were used for western blot detection of components of the BAP1 complex. B) In vitro 
ubiquitination reaction using the BAP1 complex inhibited with NEM. C) The C91S complex was used for in vitro 
reaction with UBE2O and either unmodified or methylated ubiquitin. D) 293T cells were co-transfected with 2 µg of 
wild type ubiquitin or K0 mutant ubiquitin, 1 µg of BAP1 or C91S and 2 µg of empty vector or His-UBE2O expression 
vectors, and cell lysates were used for immunoprecipitation. E) 293T cells were co-transfected with 1 µg of HA-Ub, 
2 µg of BAP1 or C91S and 1 µg of His-UBE2O expression vectors. Cells were treated with DMSO or 20 µM MG132 
for 8 hours before immunoprecipitation. F) MCF7 cells were transfected with non-targeting or UBE2O siRNA for 96 
hours, treated with 20 µg/ml of cycloheximide and analyzed by western blot. *indicates non-specific bands. 
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BAP1 possesses a complex NLS region (Figure S3D,E). We designed a set of BAP1 NLS 
mutants in the C91S background to render the ubiquitination analysis more sensitive. We found 
that both C91S∆688-716 and C91S∆711-729 mutants were unable to bind and to be ubiquitinated 
by UBE2O (Figure 3E). Therefore, the NLS region that includes the RRR (aa 699-701) site, the 
hydrophobic GVSIGRL patch (aa 703-709) as well as the basic amino acid stretch 
RRKRSRPYKAKRQ (aa 717-729) is required for binding and ubiquitination by UBE2O. The 
region of basic amino acids RRKRSR (aa 717-722) is strictly required for binding and 
ubiquitination by UBE2O (Figures 3E, Figure S3F-G). Thus, multiple determinants of this 
composite and highly conserved NLS are required for UBE2O-mediated ubiquitination of BAP1 
(Figure S3H). 
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Figure 3. BAP1 NLS is required for its ubiquitination by UBE2O. (See also Figure S3). 
A) Schematic representation of GST-BAP1 fragments used for pull-down assay with His-UBE2O. B) 293T cells were 
co-transfected with 2 µg of HA-Ub, 2 µg of His-UBE2O, and 1 µg of Myc-CTD-NLS expression vectors, and cell 
extracts were used for immunoprecipitation. C) U2OS cells were co-transfected with 2 µg of shControl, shUBE2O#1 
or shUBE2O#2 and 1 µg of HA-Ub and 0,5 µg of Myc-CTD-NLS expression vectors, and cell extracts were used for 
western blot. D) Purified complexes of BAP1 or BAP1 ∆CTD were used for western blot detection of components of 
BAP1 complex. E) 293T cells were co-transfected with 2 µg of HA-Ub, 2 µg of His-UBE2O, and 1 µg of Myc-BAP1 
mutants expression vectors, and cell extracts were used for immunoprecipitation. * indicates non-specific bands. 
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UBE2O ubiquitinates the NLS of BAP1 and regulates its subcellular localization 
To identify the UBE2O ubiquitination sites on BAP1, we performed an anti-Flag affinity 
purification of C91S co-transfected with ubiquitin and UBE2O (Figure 4A). MS peptide analysis 
revealed 14 unique ubiquitination sites in BAP1, 9 of which were detected more than once (Figure 
4B). Analysis of all ubiquitination events revealed that 50 % are located in the area of NLS, which 
represents only 4 % of the protein. Next, we introduced a series of lysine to arginine mutations in 
the CTD-NLS region (12 K/R) or in the NLS alone (5 K/R) of C91S (Figure 4C). Mutation of all 
lysine sites in the CTD-NLS (12 K/R) strongly reduced C91S ubiquitination; moreover, mutation 
of lysines in the NLS (5 K/R) region had an identical effect on C91S ubiquitination compared with 
the 12 K/R mutant. Interestingly, the binding of UBE2O to either mutants of C91S was unchanged 
indicating that K/R mutations do not significantly affect UBE2O binding affinity. Taken together, 
these results indicate that UBE2O ubiquitinates primarily the NLS of BAP1.  
Ubiquitination was reported to promote nuclear export of proteins (Groulx and Lee, 2002; 
Li et al., 2003). Therefore, we evaluated whether the ubiquitination of BAP1 affects its subcellular 
localization. BAP1 is prominently nuclear, but displayed strong cytoplasmic staining when co-
expressed with UBE2O. This effect depends on the catalytic activity of UBE2O. Notably, the 
effect of UBE2O on the C91S mutant was more pronounced with almost all cells showing 
cytoplasmic or nucleo-cytoplasmic localization (Figure 4D). In addition, the C91S mutant usually 
displayed a more pronounced cytoplasmic localization compared to the wild type BAP1. Of note, 
overexpression of UBE2O, but not its catalytic dead form, also promoted cytoplasmic localization 
of endogenous BAP1 (Figure S4). To probe whether this effect is due to its inability to 
deubiquitinate its NLS, we compared the nuclear localization of BAP1 and C91S (5 K/R) mutants 
(Figure 4E). Remarkably, the K/R mutation rescued the C91S mutant from the cytoplasmic 
sequestration, thus supporting the notion that NLS auto-deubiquitination is involved in the 
regulation of BAP1 nuclear import/export.  
  
Intramolecular interaction in BAP1 is required for efficient NLS auto-deubiquitination 
UCH37 is highly similar to BAP1 and its crystal structure suggests that an intramolecular 
interaction occurs between the UCH and the CTD (Figure S5A) (Burgie et al., 2011). Since 
catalytically dead UCH37 C88A is also strongly ubiquitinated by an unknown E3 ligase (Figure 
S5B), we reasoned that both BAP1 and UCH37 might use their respective CTD regions for 
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interaction with the UCH domain (Figure S5C). Examination of CTD and UCH flanking sequences 
of BAP1 revealed putative coiled coil motifs that can engage in intramolecular interactions (Figure 
S4D). Next, we used the crystal structure of UCH37 to generate a superimposed model of BAP1 
(Figure 5A). This model suggests that the CTD region (containing the CC2) forms an interaction 
interface with the CC1 and the UCH domain. We note that this model cannot predict the structure 
of the NLS and NORS regions, which are not present in UCH37. To validate our computational 
prediction, we designed a series of deletion mutants in the N- terminus of BAP1 including the 
UCH domain alone and a larger fragment that includes CC1 (UCH-CC1) (Figure 5B). Co-IP 
between the fragments revealed that both UCH and UCH-CC1 interact with CTD-NLS (Figure 
5C). To test whether this interaction can promote deubiquitination of CTD-NLS, we took 
advantage of the earlier observation that CTD-NLS can be degraded as a result of ubiquitination 
by UBE2O. We designed a complementation/rescue system in which the degradation of CTD-NLS 
would be counteracted by the N-terminus of BAP1. Indeed, the degradation of CTD-NLS was 
efficiently rescued only by UCH-CC1 but not by UCH alone, and this was dependent on the 
catalytic activity of BAP1 (Figure 5D). This suggests that despite direct CC2/UCH interaction, the 
CC1/CC2 interface plays an important role in NLS deubiquitination. To further test the 
requirement of the CC1/CC2 in the context of the full-length protein, CC1 and CTD deletion 
mutants were used (Figure 5B). Deletion of the CTD (∆CTD) or CC2 (∆CC2) almost completely 
blocked the auto-deubiquitination activity of BAP1 despite the presence of a catalytically 
proficient UCH domain (Figure 5E). The CC1 deletion mutant had a less pronounced auto-
deubiquitination defect consistent with the fact that CC2 interacts with both CC1 and UCH. To 
test whether the deficiency in the ability of BAP1 to auto-deubiquitinate the NLS affects its 
localization, cell lines stably expressing the wild type or mutants BAP1 were generated. IF analysis 
revealed that the wild type BAP1 displayed a typical nuclear localization, whereas the ∆CTD and 
∆CC2 mutants had a stronger cytoplasmic localization similar to the C91S mutant (Figure 5J). 
Notably the ∆HBM mutant displayed normal localization similar to wild type BAP1. Thus BAP1 
auto-deubiquitination depends on an intramolecular binding between CC2 and UCH-CC1 and is 
important to counteract the E3 ligase activity of UBE2O towards the NLS. 
 
 
 
lii-2 
 
BAP1 NLS auto-deubiquitination is disrupted by cancer-associated mutations of CTD 
Our results suggest that disruption of auto-deubiquitination leads to improper BAP1 
localization. We thus searched for cancer mutations in BAP1 that may target the UCH-CC1 
interaction interface with CC2. We first tested G13V and F660A mutations and none had a 
noticeable effect on BAP1 auto-deubiquitination (Figure S5E,F). Next, we considered two small 
in frame deletions of CC2 (∆E631-A634 and ΔK637-C638InsN) (Harbour et al., 2010) (Figure 
5B). We conducted complex purification of BAP1, ∆E631-A634 and ΔK637-C638InsN, and 
strikingly observed in both mutants an intense band around 230 kDa that corresponds to UBE2O 
(Figure 5F). Other major components of the complex such as OGT and HCF-1 showed no apparent 
differences (Figure 5F). The CC2 directly interacts with UCH, so mutations in this region may 
interfere with the catalytic activity of BAP1. To test this, we used an in vitro deubiquitination assay 
using a BAP1 natural substrate, i.e., the nucleosomal histone H2A ubiquitinated at position K119 
(Figure S5G, H, I). The activities of both cancer mutants were very similar to BAP1, whereas the 
control C91S failed to deubiquitinate H2A (Figure 5G). 
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Figure 4. Ubiquitination of BAP1 NLS by UBE2O promotes its cytoplasmic sequestration. (See also Figure S4). 
A) 293T cells were co-transfected with 2 µg of HA-Ub, 2 µg of Myc-UBE2O, and 1 µg of Flag-C91S, and cell extracts 
were used for Flag immunoprecipitation. The indicated bands were excised for MS analysis. B) Table of ubiquitination 
events detected by MS. C) Cells were co-transfected with 2 µg of HA-Ub, 2 µg of His-UBE2O, and 1 µg of Myc-
tagged BAP1 mutants expression vectors, and cell extracts were used for immunoprecipitation. D) U2OS cells were 
co-transfected with either 2 µg of empty vector, Myc-UBE2O or Myc-UBE2O CD and 3 µg of either Flag-HA-BAP1 
or Flag-HA-C91S expression vectors and were used for immunofluorescence analysis. Representative cell counts for 
BAP1 subcellular localization are shown. C, cytoplasmic; N, Nuclear. E) U2OS cells were transfected with Flag-HA-
BAP1 mutants expression vectors and used for immunofluorescence analysis in panel D. 
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Next, to evaluate whether these cancer mutations affect the auto-deubiquitination activity 
of BAP1, we exploited the UCH/CTD rescue system and the ability of UBE2O to promote 
degradation of the BAP1 CTD-NLS. We cloned the CTD-NLS region of ΔK637-C638InsN 
mutant, and a mutant with a large internal deletion in CC2 (Δ636-655) as a control (Figure 5B). 
Remarkably, complementation with UCH-CC1 rescued the wild type CTD-NLS, but not the 
ΔK637-C638InsN and Δ635-655 (Figure 5H). Next, we sought to investigate these mutations in 
the context of the full-length protein. The effect of UBE2O on the cancer mutants was almost as 
dramatic as on the C91S despite their catalytic proficiency (Figure 5I). Finally, ∆E631-A634 and 
ΔK637-C638InsN mutants displayed increased cytoplasmic localization similar to the C91S 
mutant (Figure 5J).  
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Figure 5. BAP1 intramolecular interaction promotes auto-deubiquitination, a mechanism disrupted by cancer 
mutations. (See also Figure S5). A) Predicted model of BAP1 UCH/CTD interface based on UCH37 crystal structure 
(PDB: 3IHR). Note that NLS and NORS are not present in UCH37, and thus not included in the model. B) Schematic 
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representation of the mutants used for the complementation assay and the deletion mutants used in the context of full 
length BAP1. C) 293T cells were co-transfected with 2 µg of the indicated GFP fusion constructs and 2 µg of Myc-
CTD-NLS expression vectors, and cell extracts were used for immunoprecipitation. D) 293T cells were co-transfected 
with 2 µg of HA-Ub and either 2 µg of empty vector or His-UBE2O, 1 µg of the indicated GFP fusion constructs and 
1 µg of Myc-CTD-NLS expression vectors. E) 293T cells were co-transfected with 2 µg of HA-Ub, 2 µg of His-
UBE2O, and 1 µg of Myc-BAP1 mutants expression vectors. F) Purified BAP1 complexes were analyzed by silver 
stain and western blotting. Densitometric ratios between UBE2O and BAP1 indicate its relative abundance in the 
complexes. The histogram shows two independent experiments. G) In vitro nucleosome deubiquitination reaction 
with purified BAP1 complexes. Samples were incubated at 37°C for the indicated times. H) 293T cells were co-
transfected with 2 µg of HA-Ub, 2 µg of His-UBE2O expression vectors, 1 µg of indicated GFP fusion constructs and 
1 µg of Myc-tagged constructs. I) 293T cells were co-transfected with 2 µg of HA-Ub, 2 µg of His-UBE2O, and 1 µg 
of Myc-tagged BAP1 mutants expression vectors. J) U2OS cell lines stably expressing Flag-HA-BAP1 and its mutant 
forms were used for immunofluorescence analysis. 
 
UBE2O is regulated by active nucleo-cytoplasmic transport mechanisms and promotes 
BAP1 cytoplasmic localization during adipocyte differentiation 
UBE2O possesses two functional NLS motifs, but the full-length enzyme displayed 
predominant cytoplasmic localization (Figure S6A-E). Next, purification of UBE2O-associated 
proteins followed by MS analysis revealed numerous components of the nuclear import/export 
machinery as well as several kinases that might coordinate its nuclear trafficking (Figure S6F). 
Taking into account that UBE2O is a heavily phosphorylated enzyme (Figure S6G), we sought to 
determine the impact of kinase inhibition on UBE2O localization. We treated cells with a panel of 
kinase inhibitors of various specificities and observed a nuclear translocation of UBE2O with the 
CDK-inhibitors Purvalanol A and RO-3306 (Figure 6A,B). Interestingly, UBE2O catalytic dead 
form was strongly retained in the nucleus indicating the importance of catalytic activity in 
coordinating its nucleo-cytoplasmic transport. Consistent with its potential role in negatively 
regulating BAP1 function, siRNA-depletion of UBE2O increased cell proliferation whereas 
siRNA-depletion of BAP1 resulted in decreased cell proliferation (Figure 6C). Of note, no 
noticeable changes in UBE2O or BAP1 localization were observed in unperturbed cycling cells 
(Data not shown), suggesting that only very limited pools of UBE2O or BAP1 might be imported 
or exported respectively. Taking into account that BAP1 tightly coordinate cell proliferation, we 
reasoned that a substantial change in BAP1 localization might be observed during permanent cell 
cycle exit. Since UBE2O was implicated in promoting adipocyte differentiation in the mouse 
embryo cell line C3H10T1/2, we recapitulated this effect using the 3T3-L1 cellular model of 
adipocyte differentiation as determined by immunoblotting for aP2 and Perilipin (PLIN) 
adipogenic markers and Oil Red O staining (Figure 6D,E). Significantly, a fraction of BAP1 
become excluded from the nucleus as 3T3-L1 cells differentiate into adipocytes (Figure 6F). In 
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addition, mutation of the UBE2O-ubiquitination sites in BAP1 resulted in a substantial retention 
of this DUB in the nucleus. Since BAP1 5K/R mutant still interact with UBE2O and is 
ubiquitinated on other sites, we also replaced the NLS region of BAP1, containing the UBE2O-
interacting motif, with T-large antigen NLS which prominently prevented the cytoplasmic 
localization of this DUB during differentiation.    
UBE2O targets a subset of bipartite NLS-containing transcription regulators 
UBE2O displays prominent UBC-dependent auto-catalytic activity in vitro and in vivo 
(Figure 7A and Figure 1C), which is inhibited by PAO (Figure S2B, Figure 7A).  In addition, a 
nuclear retention of UBE2O, more pronounced for the catalytic dead form was observed following 
treatment with CDK inhibitors (Figure 6A,B). Thus, we sought to determine if NLS sequences 
within UBE2O may constitute auto-ubiquitination sites. Strikingly the NLS1/A mutant was 
completely auto-ubiquitination-deficient similar to UBE2O CD, whereas mutation of NLS2 had 
no significant effect on UBE2O auto-ubiquitination (Figure S6A, Figure 7B). In addition, the 
bipartite NLS regions of UBE2O and BAP1 contain a highly conserved patch of aliphatic 
hydrophobic amino acids (VLI patch) between the minor and major NLS sites (linker region) 
(Figure 7C). Mutation of the VLI patch disrupted auto-ubiquitination (Figure S7A).  Of note, the 
NLS1 architecture is highly conserved between most UBE2O orthologs (Figure S6E). These 
results prompted us to search whether this subtype of bipartite NLS may serve as a specific signal 
for UBE2O recognition and ubiquitination in other proteins. Several candidates were identified, 
notably chromatin-associated proteins, suggesting that UBE2O might exert extensive control over 
nuclear signaling pathways (Figure S7F). We selected four proteins, i.e., p400, CDT1, INO80 and 
CXXC1, predicted as potential UBE2O substrates. INO80 and p400 are members of SWI/SNF 
family of chromatin-remodeling ATPases (Jin et al., 2005; Vassilev et al., 1998) containing the 
predicted NLS sequences (Figure 7C). CXXC1 is the CpG island binding protein and component 
of the SET1 complex (Lee and Skalnik, 2005) that contains two predicted NLS sequences with 
NLS2 containing the putative UBE2O binding motif.  
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Figure 6. UBE2O shuttles between the nucleus and cytoplasm and promotes BAP1 cytoplasmic localization 
during adipocyte differentiation. (See also Figure S6). A) Effect of kinase inhibition on nuclear localization of 
UBE2O. U2OS cells were transfected with 4 µg Myc-UBE2O or Myc-UBE2O CD expression vectors and then treated 
with a panel of kinase inhibitors for 24 hours prior harvesting for IF. + and - Indicate the relative intensity in the 
nuclear staining of UBE2O. B) Representative images of UBE2O localization in U2OS cells treated with CDK 
inhibitors. C) Effects of siRNA-depletion of UBE2O, BAP1 on cell proliferation, determined by MTT assay. siRNA 
for OGT is used as a control of decreased proliferation. Note that the values are relative to the non-target control 
siRNA for each time point. D,E) Effects of overexpression of UBE2O wild type or catalytic dead form on the 
differentiation of 3T3L1. Immunodetection of differentiation markers (E) and Oil-Red O staining (F). YY1 is used as 
a loading control.  F) Localization of BAP1 and mutants during adipocyte differentiation. The BAP1 NLST1 
corresponds to a mutant in which the NLS region of BAP1 which includes the UBE2O-binding motif is replaced with 
the T large antigen NLS. The BAP1 K/R mutant is mutated in the UBE2O-ubiquitination sites of the NLS. 
 
 
The DNA replication factor CDT1 also harbors a potential binding and ubiquitination site 
for UBE2O (Nishitani et al., 2000). INO80, p400 and CDT1 were degraded following co-
expression with UBE2O in a catalytic-activity dependent manner, ostensibly as a result of 
ubiquitin chain extension by unknown E3 ligases (Figure 7D, Figure S7B). CXXC1 showed 
several slow migrating bands suggesting its ubiquitination without degradation (Figure 7D, right 
panel). Next, we selected INO80 and CXXC1 as two contrasting examples of UBE2O action for 
further characterization of their ubiquitination by UBE2O (Figure 7D). When the 
immunoprecipitated INO80 was loaded in equal amounts, the ubiquitin blot showed a typical 
polyubiquitin smear in the stacking gel (Figure 7D, left panel). The ubiquitination profile of 
CXXC1 was similar to that of BAP1 and UBE2O with several distinct multi-mono-ubiquitin bands 
(Figure 7D, right panel). Ubiquitination of INO80 and CXXC1 by UBE2O had a pronounced effect 
on their subcellular localization, as both proteins displayed stronger cytoplasmic localization 
following co-expression of wild type but not UBE2O CD mutant (Figure 7E). We also found a 
potential UBE2O binding consensus in ALC1, another nuclear SWI/SNF family chromatin-
remodeling enzyme (Ahel et al., 2009), but UBE2O had no effect on ALC1 ubiquitination and 
localization (Figure S7C,D,E). This can be explained by the absence of the major NLS stretch in 
the vicinity of the consensus and/or the location of the consensus in the masked fold of its Macro 
domain. Therefore, UBE2O targets a subset of chromatin remodeling and modifying factors 
containing a bipartite NLS with a specific VLI patch in the linker region with the exception of 
CDT1, which contains the major NLS stretch upstream of the UBE2O consensus. Thus, substrate 
ubiquitination by UBE2O can induce cytoplasmic localization, which might be accompanied by 
further proteasomal degradation as a consequence of ubiquitin chain extension by other E3 ligases. 
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Discussion 
Regulation of BAP1 by UBE2O-mediated ubiquitination  
Here, we define a regulatory mechanism involving the E2/E3 hybrid UBE2O which multi-
mono-ubiquitinates BAP1 in the NLS region. Under normal growth conditions, BAP1 is 
predominantly nuclear whereas UBE2O is mainly cytoplasmic suggesting that BAP1 
ubiquitination is highly regulated. In particular, this compartmentalization raises the question 
regarding the cellular compartment where the ubiquitination actually occurs. UBE2O could be  
imported into the nucleus to ubiquitinate BAP1 and promote its ubiquitin-mediated nuclear export 
as observed for other proteins (Groulx and Lee, 2002; Li et al., 2003). Since we did not observe a 
noticeable accumulation of endogenous UBE2O in the nucleus, it is possible that only a small 
fraction of UBE2O is imported into this compartiment at any given time. Controling UBE2O 
import itself would provide another level of regulation for the fine-tuning of BAP1 ubiquitination. 
Indeed, (i) BAP1 and UBE2O exert antagonistic functions during cell proliferation, (ii) CDK 
inhibitors promoted UBE2O nuclear localization with a stronger effect towards its catalytic dead 
form, (iii) UBE2O exhibits an auto-ubiquitination activity towards its own NLS, and (iv) two 
recent studies revealed that the K521 residue (K516 in mouse), part of UBE2O NLS1, is 
ubiquitinated in vivo (Figure S6G). Our data do not exclude the possibility that, under specific 
conditions, BAP1 might be exported to the cytoplasm prior to its ubiquitination, although we did 
not identify any export signal in BAP1. Further studies are needed to dissect the possible 
mechanisms of UBE2O nucleocytoplasmic transport including its regulation.  
On the other hand, since ubiquitination of BAP1 is counteracted by auto-deubiquitination, 
one can predict that a yet to be identified signal is needed to inactivate BAP1 catalytic activity. 
This initiating event would render this DUB susceptible to ubiquitination by UBE2O. BAP1 could 
be modified by other post-translational modifications that inhibit its auto-deubiquitination. In fact, 
several phosphorylation and ubiquitination sites of BAP1 were identified in proteomics studies 
(Figure S6H), and in this study we identified several ubiquitination sites on UCH, some of which 
might result from the action of other E3 ligases. Under normal cell growth conditions, UBE2O-
mediated ubiquitination of BAP1 might not necessarily lead to a net accumulation of BAP1 in the 
cytoplasm, since this could be a protracted process that is concomitant with both de novo synthesis 
of BAP1 and further degradation or re-import of this DUB. We speculate that this could be an 
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editing mechanism that might coordinate the transcriptional competency of BAP1. In contrast, 
during adipocyte differentiation, we observed a net cytoplasmic redistribution BAP1 that would 
drastically impact its transcriptional activity. It is also possible that BAP1 might exert cytoplasmic 
functions in terminally differentiated adipocytes. We note that, since our conclusion is based on 
ectopically expressed BAP1, further work is needed to establish this regulation for the endogenous 
enzyme and to provide insights into the possible concerted action of post-translational 
modifications in regulating the trafficking and function of this DUB. 
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Figure 7. UBE2O targets a subset of chromatin-associated proteins. (See also Figure S7). A) In vitro 
ubiquitination reaction with the purified UBE2O. Samples were incubated for the indicated times. B) 293T cells were 
co-transfected with 2 µg of HA-Ub and 2 µg of indicated Myc-UBE2O mutants, and cell extracts were used for 
immunoprecipitation. C) Sequence alignment between the UBE2O/BAP1 NLS and a subset of identified UBE2O 
substrates. Hydrophobic amino acids are in red and polar amino acids are in blue. A large N-terminal extension 
containing the NLS of CDT1 is not shown. D) 293T cells were co-transfected with 2 µg of HA-Ub and 1 µg of Flag-
CXXC1 or 2 µg of Flag-INO80, and either 2 µg of empty vector, Myc-UBE2O or Myc-UBE2O CD expression 
vectors, and cell extracts were used for immunoprecipitation. E) U2OS cells were co-transfected with 0,5 µg of HA-
Ub and either 1 µg of empty vector, Myc-UBE2O, Myc-UBE2O CD and 1 µg of either Flag-INO80 or Flag-CXXC1 
expression vectors and used for immunofluorescence analysis. Representative cell counts are shown. 
 
Auto-deubiquitination of BAP1 and its disruption in cancer 
 Auto-deubiquitination of DUBs was previously observed for UCH-L1, which was able to 
counteract its own ubiquitination by an unknown E3 ligase (Meray and Lansbury, 2007). 
Interestingly, in our study, we noticed a similar mechanism regulating UCH37. We also note that 
UCH37 and BAP1 share a common ancestry. Although vertebrate BAP1 acquired the long NORS 
region, which contains the HCF-1 interaction motif, the intramolecular interaction between the 
amino and carboxy termini seems to be evolutionary conserved. It is possible that DUB auto-
deubiquitination might constitute a regulatory mechanism, which is more widely used than 
currently appreciated.  
 Cancer-associated mutations in BAP1 disrupt its function by multiple means. Large 
deletions in the BAP1 gene result in dysfunctional proteins. Point mutations in the UCH domain 
of BAP1 often target the catalytic site or its immediate environment resulting in disruption of 
catalytic activity. The cancer-derived mutations of BAP1 in the catalytic site are predicted to 
impact both auto-deubiquitination as well as DUB activity towards other substrates. Histone H2A 
is a substrate of BAP1 (Scheuermann et al., 2010; Yu et al., 2014), and other substrates such as 
HCF-1 and OGT were previously also described (Machida et al., 2009; Misaghi et al., 2009; Ruan 
et al., 2012). In this study, we identified two cancer-mutations in the coiled-coil motif of the C-
terminal region that remarkably did not compromise BAP1 complex assembly, but instead 
promoted UBE2O association with this DUB. It would be interesting to further determine whether 
this is a result of structural changes in BAP1 that facilitate UBE2O binding, or rather is a 
consequence of increased cytoplasmic sequestration of BAP1. Importantly, the two cancer-derived 
mutations selectively compromised the auto-deubiquitination activity of BAP1 without affecting 
its H2A DUB activity. These cancer-derived mutations also revealed that auto-deubiquitination 
function of the enzyme is important for its proper nuclear localization. Thus, by separating the two 
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activities of BAP1, we provide a biochemical paradigm for testing the involvement of other 
ubiquitin signaling cascades in regulating BAP1 function.  
 
UBE2O acts as an atypical E2/E3 that ubiquitinates a subset of NLS-containing proteins 
The evolution of protein conjugation pathways can be traced back to prokaryotic and 
archea cells. In eukaryotes, this system diversified resulting in establishment of the classical 
E1/E2/E3/substrate ubiquitin transfer cascade (Burroughs et al., 2012; Hochstrasser, 2009). 
UBE2O is highly conserved in plants and animals suggesting that it evolved from a common 
ancestor at least 1.6 billion years ago, when the prototypic animal and plant cell types were 
evolving (Meyerowitz, 2002). UBE2O seems to employ the properties of both E2 and E3 enzymes 
suggesting that it might recognize a limited number of substrates. In our study, we discovered that 
UBE2O specifically binds and ubiquitinates a subset of bipartite NLS that contain a VLI patch in 
their linker. Based on the consensus between two identified UBE2O substrates, i.e. BAP1 and 
UBE2O itself, we were able to predict the substrate specificity of the enzyme in turn allowing us 
to identify more putative UBE2O substrates including proteins involved in RNA processing, 
transcription, DNA replication, and chromatin remodelling. Thus, UBE2O might be involved in 
coordinating major signaling pathways in the cytoplasm, organelles, and nucleus that orchestrate 
cell function during proliferation and differentiation or in response to extracellular stimuli. 
Although we were able to detect UBE2O expression in multiple cultured cell lines, its expression 
seems to be highly regulated. UBE2O levels were previously reported to increase during erythroid 
differentiation (Wefes et al., 1995). Chromatin of differentiating cells is subjected to multiple 
epigenetic and structural changes, requiring specific ubiquitin signaling pathways to promote the 
displacement of chromatin-associated regulators to activate or repress gene expression (Geng et 
al., 2012). Indeed, UBE2O promotes adipocyte differentiation and is also highly expressed in 
brain, heart, and skeletal muscle (Nagase et al., 2000; Yokota et al., 2001; Zhang et al., 2013a), all 
of which comprise post-mitotic cells that must finely coordinate gene expression programs to 
fulfill metabolically demanding requirements.  
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Materials and methods 
Cell culture, transfections and western blot 
 Cells were cultured according to standard protocols. siRNA and plasmids were transfected 
using Lipofectamine or PEI. Total cell lysates were used for western blotting. Differentiation of 
3T3L1 and additional details are provided in the supplemental text. 
Imunoprecipitation of BAP1 and UBE2O 
Cell lines stably expressing BAP1, ∆E631-A634, ΔK637-C638InsN, ∆CTD, ∆CC1 or 
UBE2O were generated following retroviral transduction and used for immunoprecipitation under 
native or denaturing conditions as indicated in the supplemental text. 
Glycerol gradient fractionation 
Molecular mass fractionation of nuclear extract was conduced using a 10-40 % glycerol 
gradient as indicated in the supplemental text. 
In vitro interaction assays 
Recombinant GST-BAP1 fusion proteins were purified using glutathione agarose beads 
and incubated with His-UBE2O. The beads were extensively washed and bound proteins eluted in 
Laemmli buffer and subjected to western blotting. Additional details are described in the 
supplemental text.  
In vitro and in vivo ubiquitination assay 
In vitro ubiquitination reactions were conducted using, human recombinant UBE1, BAP1 
and UBE2O complexes or bacteria-purified enzymes. Additional details and Mass spectrometry 
analysis of ubiquitination sites was done as described in the supplemental text. 
 
In vitro nucleosome deubiquitination assays 
Preparation of chromatin fractions from Flag-H2A transfected 293T cells and digestion 
with Micrococcal nuclease (MNase) were conducted with modification of the original protocol 
(Groisman et al., 2003). The procedure is described in the supplemental text.  
Immunofluorescence 
The procedure was carried out as previously described (Daou et al., 2011) with additional 
details provided in the supplemental text.  
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Protein sequence analysis, and structure modeling 
Protein sequences were analyzed using Geneious 6.1.2 created by Biomatters, available 
from http://www.geneious.com. Other bioinformatics tools are described in the supplemental text.  
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Supplemental information inventory 
Figure S1. Related to Figure 1. 
Contains the initial characterization of the UBE2O-independent BAP1 monoubiquitination, the 
comparison of UBE2O with other E2s, the in vivo ubiquitination controls for UBE2O specificity 
and UBE2O sequence conservation. 
Figure S2. Related to Figure 2. 
Contains schema of the protein purifications, the in vitro ubiquitination reactions and 
characterization of the effects of other E3 ligases on UBE2O-mediated ubiquitination of BAP1.  
Figure S3. Related to Figure 3. 
Contains the information about the degradation of CTD-NLS, the characterization of BAP1 NLS, 
the alanine mutagenesis screen in BAP1 NLS and the alignment of NLS regions of BAP1 
orthologs. 
Figure S4. Related to Figure 4. 
Contains immunostaining of UBE2O overexpression and its effects on the localization of 
endogenous BAP1, YY1 and HCF-1. 
Figure S5. Related to Figure 5. 
Contains the characterization of UCH37 in respect to its auto-deubiquitination activity, the 
alignment of UCH37 and BAP1 C-terminal regions, crystal structure of UCH37, the 
characterization of the effect of the G13V mutation on BAP1 auto-deubiquitination activity and 
the establishment of the in vitro H2A DUB assay on nucleosomes. 
Figure S6. Related to Figure 6. 
Contains the mapping and characterization of UBE2O NLS regions, purification of UBE2O-
associated proteins and schema of UBE2O and BAP1 post-translational modifications. 
Figure S7. Related to Figure 7. 
Contains the effects of the mutation in the VLI patch which disrupts UBE2O auto-catalytic 
activity, the effects of UBE2O on the degradation of p400 and CDT1 following expression of 
UBE2O, the characterization of the predicted UBE2O substrate ALC1 which tested negative for 
UBE2O-mediated ubiquitination and the list of the predicted UBE2O nuclear substrates based on 
the [KR][KR][KR]-X(1,3)-[VLI]-X-[VLI]-X-X-[VLI] consensus. 
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Figure S1 (Related to Figure 1).  
Characterization of the UBE2O-independent mono-ubiquitination of BAP1. 
A) Detection of the modified form of BAP1 in U2OS cells stably expressing Flag-HA-BAP1. 
U2OS cells were transduced with empty pOZ-N vector or pOZ-N-BAP1, selected with anti-IL2 
receptor-coupled magnetic beads (4 rounds of selection), as previously described (Yu et al., 2010), 
and cell lysates were subjected to western blotting with the indicated antibodies. B) 293T cells 
were transfected with 3 µg of Flag-BAP1 C91S and harvested three days-post-transfection for 
immunoprecipitation. Anti-Flag column-purified C91S was incubated with 200 nM of 
recombinant USP2 catalytic domain and collected for western blotting at the indicated time points. 
Note the decrease of the constitutive ubiquitin modification. C) Schema of the double column 
purification strategy of ubiquitin-depleted and -enriched fractions of BAP1. D) Analysis of the 
anti-HA beads-bound and the flow through fractions revealed that the slower migrating band was 
enriched in the HA-bound fraction and depleted in the flow through fraction proving the 
monoubiquitination nature of the modification. Monoubiquitination of BAP1 does not influence 
its ability to incorporate the ubiquitin vinylmethylester (Ub-VME) suicide substrate. HA-Ub-Flag-
BAP1 and unmodified Flag-BAP1 fractions where incubated with 1 µM of Ub-VME probe and 
analyzed by western blot as recently described (Yu et al., 2014). Note the similar efficiency of Ub-
VME incorporation that corresponds to the slower migrating form of BAP1. E) Fluorometric 
analysis of the BAP1 activity towards the Ub-AMC DUB substrate. Adjusted amounts of the HA-
Ub-Flag-BAP1 and unmodified Flag-BAP1 fractions where incubated with 100 nM of the Ub-
AMC and fluorescence was analyzed in real time. Data are represented as mean +/- SD. Note that 
the modified form of BAP1 displays a similar DUB activity as the modified form towards this 
model substrate. F) The ubiquitinated forms of C91S can be efficiently deubiquitinated by USP2. 
The procedure was carried out essentially as in panel B except that UBE2O was included in the 
co-transfection. G) Similar UBE2O-mediated multi-mono-ubiquitination of BAP1 C91S or 
ΔUCH. 293T cells were co-transfected with 1 µg of Myc-C91S or Myc-BAP1 ∆UCH, 2 µg of 
HA-Ub and 2 µg of either empty vector or UBE2O. Three days later, cell lysates were used for 
western blotting and probed with the indicated antibodies. Note the decrease of the constitutive 
BAP1 mono-ubiquitination upon the deletion of the UCH domain indicating that distinct activities 
modify BAP1.  
Characterization of UBE2O specificity towards BAP1. 
H) Comparison of several members of class I and IV ubiquitin carrier enzymes. I) To control for 
specificity, we evaluated other E2s (van Wijk and Timmers, 2010) including BRUCE, the closest 
evolutionary relative of UBE2O which was previously shown to act as an E2/E3 hybrid on other 
substrates (Bartke et al., 2004; Hao et al., 2004).  
293T cells were co-transfected with 1 µg of Myc-C91S, 2 µg of HA-Ub and either 2 µg of empty 
vector, Myc-UBC7, Flag-UBCH8, 5 µg of Flag-BRUCE or 5 µg Flag-BRUCE CD (C4654S) 
expression vectors. Three days later, cell lysates were used for western blotting. J) We also tested 
two known H2A DUBs, i.e., USP16 and MYSM1 (Joo et al., 2007; Zhu et al., 2007), as well as 
the SUMO protease SENP2 (Kim et al., 2000). 293T cells were co-transfected with 2 µg of HA-
Ub and either 2 µg of empty vector or 2 µg of His-UBE2O and either 1 µg of GFP-BAP1, GFP-
MYSM1, GFP-USP16 or Myc-SENP2 expression vectors. Three days later, cell lysates were used 
for western blotting. K) Multiple sequence alignment of UBE2O orthologs, conserved regions are 
highlighted.  
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Figure S2 (Related to Figure 2).  
Set up of the in vitro ubiquitination reaction.  
A) Schema of protein purification and in vitro ubiquitination reactions for figure 2A, 2B, S2B, 
S2D and S2E. B) Purified BAP1 or C91S complexes were incubated with immunopurified UBE2O 
in an in vitro ubiquitination reaction. Samples were treated with 100 µM PAO as indicated. C) 
Mammalian Flag/HA or bacterial His/Flag purified UBE2O was loaded on a 4-12% gel and used 
for silver staining. D) Purified C91S complexes were incubated with UBE2O, purified from human 
cells or bacteria, in an in vitro ubiquitination reaction. Note that UBE2O maintains similar activity 
towards C91S independently of its origin and method of purification. HS and LS represent high 
salt and low salt washes, respectively. E) Ubiquitination with recombinant enzymes. His-C91S 
was purified from bacteria and used for in vitro reaction with bacteria purified Flag-UBE2O-His.  
UBE2O- and BAP1-interacting ubiquitin ligases do not influence UBE2O ubiquitination 
activity towards BAP1.  
F) Summary of potential UBE2O- and BAP1-interacting ubiquitin ligases. Our purification and 
mass spectrometry analysis of UBE2O- or BAP1-interacting proteins revealed additional 
substoichiometric E3 ligases that might participate in UBE2O-dependent or –independent 
ubiquitination of BAP1. Other E3 ligases previously reported as potential UBE2O- or BAP1-
interacting enzymes are also included. G) 293T cells were transfected with 2 µg of HA-Ub, 1 µg 
of HA-BRCA1 and/or 0,5 µg of HA-BARD1, 1 µg of BAP1 and either 2 µg of empty vector or 
Myc-UBE2O expression vectors. Three days later, cell lysates were used for western blotting with 
the indicated antibodies. We note that BAP1 was described as a partner of the tumor suppressor 
and RING E3 ligase complex BRCA1/BARD1 that may perform ubiquitin chain elongation 
(Jensen et al., 1998; Wu-Baer et al., 2003). Nonetheless co-transfection with BRCA1/BARD1 did 
not significantly affect the pattern of BAP1 ubiquitination by UBE2O. H) Cells were transfected 
with 2 µg of HA-Ub, 1 µg of His-RING1B, 1 µg of BAP1 or C91S and either 2 µg of empty vector 
or Myc-UBE2O expression vectors. Three days later, cell lysates were used for western blotting 
with the indicated antibodies. BAP1 acts in concert with the RING1B E3 ligase to regulate H2A 
ubiquitination (Carbone et al., 2013; Scheuermann et al., 2010). However, no direct ubiquitination 
of BAP1 or cooperation between RING1B and UBE2O were observed. I) Cells were transfected 
with 2 µg of HA-Ub, 0.5 µg of C91S, 2 µg of empty vector or His-UBE2O and 3 µg of GFP-
TRIM28, Myc-TRIM27, Flag-RNF219 or Flag-RNF10 expression vectors. Three days later, cell 
lysates were used for western blotting with the indicated antibodies. Note the similar pattern of the 
C91S ubiquitination independently of the ubiquitin ligase co-expression. We were unable to 
express significant levels of HUWE1 (~500 kDa). Thus, we did not conclude about its potential 
effect alone or on UBE2O-mediated ubiquitination of BAP1. J) U2OS cell line stably expressing 
Flag-HA-BAP1 was transfected with control siRNA or siUBE2O. Three days later, cell lysates 
were used for western blotting with the indicated antibodies. Note that the knockdown of UBE2O 
has no effect on the constitutive monoubiquitination of BAP1 (described in Figure S1A-E, G). 
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Figure S3 (Related to Figure 3).  
UBE2O promotes degradation of BAP1 CTD-NLS.  
A) 293T cells were co-transfected with 2 µg of HA-Ub, 2 µg of His-UBE2O, and 1 µg of Myc-
CTD-NLS expression vectors. Three days later, cells were treated with 20 µM of MG132 for the 
indicated time points and harvested for western blotting. B) U2OS cells were co-transfected with 
0,5 µg of HA-Ub, 1 µg of His-UBE2O and 1 µg of Myc-CTD-NLS expression vectors and plated 
on coverslips. Three days later, cells were fixed and used for immunofluorescence. C) 293T cells 
were co-transfected with increasing amounts of HA-Ub or HA-Ub K0 (0.5 µg, 1.5 µg or  4 µg), 2 
µg of His-UBE2O, and 1 µg of Myc-CTD-NLS expression vectors. Three days later, cells extracts 
were analyzed by western blotting. Note that UBE2O promotes the Myc-CTD-NLS degradation 
in ubiquitin-dependent manner, and a similar degradation profile is obtained with either wild type 
or K0 ubiquitin mutant. 
Characterization of the BAP1 NLS region.  
D) Representation of the predicted BAP1 NLS. The basic regions are in blue and hydrophobic 
regions are in red. BAP1 possesses a complex NLS region that shares similarities with classical 
monopartite (Conti et al., 1998), bipartite (Robbins et al., 1991) and the atypical hydrophobic/basic 
PY NLS (Lee et al., 2006). E) U2OS cells were transfected with 0,5 µg of the indicated GFP fusion 
NLS. Three days later, cells were fixed and used for fluorescence microscope imaging. The region 
spanning a short stretch of basic amino acids RRKRSR (aa 717-722) is necessary for proper 
nuclear localization of BAP1 (Ventii et al., 2008). However, when fused to GFP, this motif was 
not sufficient to promote nuclear localization, i.e., additional sequences are required for NLS 
function. Therefore, we considered the entire aa 699-729 region as BAP1 NLS for further 
characterization. 
Requirement of the major NLS site of BAP1 for UBE2O-mediated ubiquitination.  
F) Schematic representation of the alanine screen mutants, mutations are indicated in red. G) 293T 
cells were co-transfected with 2 µg of HA-Ub, 2 µg of His-UBE2O, and 1 µg of Myc-C91S 
mutants expression vectors. Three days later, cell extracts were used for western blotting and 
probed with the indicated antibodies. Single point mutations in the region did not cause significant 
reduction of C91S ubiquitination, but cumulative alanine mutations were able to gradually 
decrease the efficiency of ubiquitination. The substitution of RRKRSR to a similarly positively 
charged histidine stretch also strongly reduced the ubiquitination by UBE2O indicating that the 
arginine/lysine residues are critical 
Sequence comparison of the NLS region from different BAP1 orthologs.  
H) Multiple sequence alignment of the NLS regions of BAP1 from metazoan species using the 
Geneious tool, polar amino acids are in blue, hydrophobic amino acids are in red.  
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Figure S4 (Related to Figure 4). 
Overexpression of UBE2O promotes cytoplasmic localization of endogenous BAP1. 
U2OS cells were transfected with 4 µg of the Myc-UBE2O or Myc-UBE2O CD. Three days later, 
cells were fixed and used for Immunofluorescence for BAP1 (A) or HCF-1 and YY1 (B). UBE2O 
promoted cytoplasmic localization of BAP1 but had no visible effect on YY1 and HCF-1. 
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Figure S5 (Related to Figure 5). 
BAP1 and UCH37 may employ a similar auto-deubiquitination mechanism.  
A) Crystal structure of UCH37 (3IHR) (Burgie et al., 2011). B) UCH37 (UCHL5) is highly similar 
to BAP1 with respect to domain architecture (Sanchez-Pulido et al., 2012). Crystal structure of 
UCH37 suggests that an intramolecular interaction occurs between the UCH and the CTD. 
Therefore, we evaluated the possibility that UCH37 might also be regulated by UBE2O. 293T cells 
were co-transfected with 1 µg of Myc-Ub, 1 µg of HA-UCH37 wild type or HA-UCH37 C88A 
and either 2 µg of empty vector or Myc-UBE2O expression vectors. Three days later, cells lysates 
were used for IP with HA antibodies under native or denaturing conditions. Western blots were 
probed with the indicated antibodies. We detected ubiquitination of UCH37, which was more 
pronounced for its catalytic dead mutant (C88A), but this effect was independent of UBE2O. 
UCH37 also failed to interact with UBE2O in co-IP. Nonetheless, this result suggests that UCH37 
may employ the same auto-deubiquitination mechanism as BAP1 to counteract the action of 
another, yet to be identified E3 ligase. Note that UCH37 co-immunoprecipitates endogenous YY1 
providing an indication of IP validity (Yao et al., 2008). C) Alignment of human BAP1 and human 
UCH37 C-terminal regions, polar amino acids are in blue, hydrophobic amino acids are in red. 
Note the difference in the C-terminal region of both proteins, NLS in BAP1 and ADRM1-
interacting region (KEKE) in UCH37 (Hamazaki et al., 2006; Yao et al., 2006). D) Prediction of 
coiled-coil domains in BAP1 using COILS program (Lupas et al., 1991). The amino acid 
sequences of CC1 and CC2 are presented. The hydrophobic amino acids are indicated in red.  
G13V cancer mutant of BAP1 does not impair auto-deubiquitination of NLS. 
We initially tested the G13V mutation recently described in renal carcinoma (Pena-Llopis et al., 
2012).  E) Prediction for the G13/F660 intra-molecular interaction (left) based on the crystal 
structure of UCH37 (3IHR)(right). F) 293T Cells were co-transfected with 2 µg of HA-Ub, 2 µg 
of His-UBE2O, and 1 µg of Myc-BAP1 expression vectors. Three days later, samples were used 
for western blotting and probed with the indicated antibodies. The G13 residue in UCH is predicted 
to interact with the F660 residue of the CC2; nonetheless G13V and F660A mutations did not have 
a noticeable effect on the auto-deubiquitination activity of BAP1. 
Establishment of the in vitro nucleosome deubiquitination assay.  
G) Schema representing the steps for the preparation of nucleosomes containing H2A mono-
ubiquitinated on lysine 119 and the in vitro DUB assays. H) DNA from nucleosomal Flag elution 
was purified using phenol/chloroform separation and loaded on EtBr agarose gel (left). The 
Ponceau S staining of the nucleosomal Flag elution indicates the presence of all four histone types 
(right panel).  I) In vitro nucleosome deubiquitination reaction with purified BAP1 complexes and 
bacteria purified BAP1. Samples were incubated at 37°C for 4 hours, reactions were stopped with 
2X Laemmli buffer, and used for western blot with the indicated antibodies. Note that recombinant 
BAP1 (not assembled into its complex) does not deubiquitinate H2A . 
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Figure S6 (Related to Figure 6).  
Subcellular localization of UBE2O deletion mutants reveals nuclear and cytoplasmic 
targeting regions. 
A) Schema of UBE2O mutants used to study its subcellular localization. B) U2OS cells were 
transfected with 1 µg of GFP fusion expression vectors of UBE2O NLS regions or empty vector 
and plated on coverslips. Two day later, cells were fixed and used for fluorescence microscopy 
analysis. C) U2OS cells were transfected with 3 µg of Flag-HA tagged expression vectors of 
UBE2O mutants and plated on coverslips. Two days later, cells were fixed and used for the 
immunofluorescence analysis with HA antibody. D) Representative cell counts for UBE2O 
subcellular localization are shown.  
Multiple sequence alignment of NLS1 region from different UBE2O orthologs. 
E) Multiple sequence alignment of NLS regions in UBE2O orthologs, polar amino acids are in 
blue, hydrophobic amino acids are in red. 
F) Tandem affinity purification of UBE2O-associated proteins from HeLa cells followed by MS 
analysis. The regulators of nuclear traffic and protein kinases are presented 
Post-translational modifications of UBE2O and BAP1. 
G) Schema of known UBE2O phosphorylation and ubiquitination sites (modified from 
http://www.phosphosite.org/) 
H) Schema of known BAP1 phosphorylation and ubiquitination sites (modified from 
http://www.phosphosite.org/) 
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Figure S7 (Related to Figure 7).  
NLS1 hydrophobic VLI patch is required for auto-catalytic UBE2O targeting. 
A) 293T cells were co-transfected with 2 µg of HA-Ub and 2 µg of indicated Myc-tagged UBE2O 
mutants, and cell extracts were used for immunoprecipitation. 
UBE2O promotes degradation of p400 and CDT1. 
B) 293T cells were co-transfected with 2 µg of HA-Ub and 2 µg of empty vector, Myc-UBE2O or 
Myc-UBE2O CD and either 1 µg of Flag-CDT1 or 5 µg Flag-p400 expression vectors. Three days 
later, samples were used for western blotting and probed with the indicated antibodies.  
UBE2O does not ubiquitinate or promote localization change of ALC1, protein with 
unrelated NLS and the predicted consensus within Macro domain. 
C) Sequence alignment between the UBE2O/BAP1 in comparison to ALC1 NLS. VLI patch is in 
red, and basic amino acids are in blue. Note that the K/R NLS region is absent downstream of the 
UBE2O consensus found in ALC1. The previously defined NLS sequence of ALC1 does not show 
similarities with the UBE2O consensus (Cheng et al., 2013). D) U2OS cells were co-transfected 
with 0,5 µg of HA-Ub and either 1 µg of empty vector, Myc-UBE2O or Myc-UBE2O CD and 1 
µg of Flag-ALC1 expression vectors and plated on coverslips. Three days later, cells were fixed 
and used for immunofluorescence analysis with the indicated antibodies. E) 293T cells were co-
transfected with 2 µg of HA-Ub and 2 µg of empty vector, Myc-UBE2O or Myc-UBE2O CD and 
1µg of Flag-ALC1 expression vectors. Three days later, samples were used for western blotting 
and probed with the indicated antibodies. 
Identification of potential UBE2O substrates 
F) Prediction of UBE2O substrates based on BAP1/UBE2O NLS consensus 
aUniProt accession number.  
bprotein name. 
cprotein positions of the [KR][KR][KR]-X(1,3)-[VLI]-X-[VLI]-X-X-[VLI] UBE2O binding 
consensus. 
dconsensus sequence (consensus-defined amino acids are capital).  
eexperimental evidence for the predicted UBE2O-mediated substrate ubiquitination (see Figures 7 
and figure S7). 
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Extended Experimental Procedures 
Plasmids and Antibodies  
UBE2O and RING1B were cloned from HeLa total RNA by reverse transcription and 
inserted into pENTR D-Topo plasmid (Life Technologies). MYSM1 and USP16 were cloned from 
HeLa total RNA by reverse transcription and inserted into pEGFP-C1 plasmid. Human RNF10 
and RNF219 were cloned from U2OS total RNA by reverse transcription and inserted into 
p3XFLAG-CMV™-7 expression vector (Sigma-Aldrich). UBE2O expression constructs were 
generated using LR clonase kit (Life Technologies) in pDEST-Myc, pDEST-His or retroviral 
pMSCV-Flag/HA-IRES-Puro (Sowa et al., 2009).  
For bacterial expression, the UBE2O cDNA was cloned into pET-30a+ vector (Novagen), 
to generate N-terminal Flag- and the C- terminal His-tags for the double column purification. 
The catalytically inactive UBE2O was generated by site-directed mutagenesis. Non-tagged 
pCDNA3-BAP1 and C91S were generated by subcloning the cDNA from pOZ-N BAP1 and pOZ-
N C91S respectively. BAP1 cancer mutants ∆E631-A634, ΔK637-C638InsN, ΔCC2 and ΔCTD 
and UBE2O NLS mutants were generated using gene synthesis (BioBasic) and then subcloned into 
modified pENTR D-Topo plasmid.  
BAP1 NLS mutants were generated by subcloning of annealed short adapters containing 
corresponding mutations in pENTR D-Topo BAP1 and/or C91S. NLS-GFP were generated by 
subcloning of annealed short adapters containing corresponding BAP1 or UBE2O NLS sequences 
in pOD35 plasmid provided by Dr. Paul Maddox (Institute for Research in Immunology and 
Cancer, Canada). All constructs were sequenced. 
shRNAs for human UBE2O were from Sigma (#1 NM022066x814s1c1 and #2 
NM022066x4103s1c1). The constructs used to produce recombinant full length GST-BAP1 and 
various deletion fragments, and BAP1 mutant deleted in the NHNY sequence corresponding to the 
HCF-1 binding domain (ΔHBM) and BAP1 catalytic dead C91S were described (Yu et al., 2010).  
Flag-INO80 expression vector was provided by Dr. Yang Shi (Harvard Medical School, 
USA) (Wu et al., 2007). Flag-p400 was provided by Dr. David M. Livingston (Harvard Medical 
School, USA) (Chan et al., 2005). Flag-CXXC1 expression vector was provided by Dr. David 
Skalnik (Indiana University-Purdue University Indianapolis, USA) (Tate et al., 2009). Flag-CDT1 
expression vector was provided by Dr. Kevin Struhl (Harvard Medical School, USA) (Miotto and 
Struhl, 2011). Flag-ALC1 expression vector was provided by Dr. Simon Boulton (London 
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Research Institute, UK) (Ahel et al., 2009). Flag-BRUCE and Flag-BRUCE CD expression vectors 
were from Dr. Stefan Jentsch (Max Planck Institute of Biochemistry, Germany) (Bartke et al., 
2004). HA-UCH37 and HA-UCH37 C88A expression vectors were from Dr. Joan Conaway 
(Stowers Institute for Medical Research, USA) (Yao et al., 2008). Myc-UBC7 expression vector 
was provided by Dr. Allan M. Weissman (Center for Cancer Research National Cancer Institute, 
USA) (Tiwari and Weissman, 2001). Flag-UBCH8 expression vector was provided by Dr. Dong-
Er Zhang (UC San Diego, USA) (Kim et al., 2004). GFP-TRIM28 expression vector was provided 
by Dr. Fanxiu Zhu (Florida State University USA) (Liang et al., 2011). Myc-TRIM27 expression 
vector was provided by Dr. Patrick R. Potts (UT Southwestern Dallas, USA) (Hao et al., 2013). 
HA-BRCA1 was generated by subcloning from the GFP-BRCA1 plasmid previously described 
(Hammond-Martel et al., 2010) into pCDNA3 plasmid. BARD1 expression vector was from 
Origene (SC119847). HA-wild type and K0 Ub expression vectors were from Dr. Ted Dawson 
(John Hopkins University, USA) (Lim et al., 2005). 
The siRNA ON-TARGETplus® smart pool for human UBE2O and a non-target control were 
from Dharmacon (Thermo Scientific). 
Rabbit polyclonal anti-UBE2O was from Novus Biologicals (NBP-03336). Mouse 
monoclonal anti-BAP1 (C4), rabbit polyclonal anti-BAP1 (H300), rabbit polyclonal anti-YY1 
(H414), rabbit polyclonal anti-OGT (H300), mouse monoclonal anti-GFP (B2), rabbit polyclonal 
anti-GFP (FL), mouse monoclonal anti-RING1B (N-32), mouse monoclonal anti-BRCA1 (D-9), 
mouse monoclonal anti-BARD1 (2059c4a), mouse monoclonal anti-CDC25A (F6), mouse 
monoclonal anti-Ubiquitin (P4D1) were from Santa Cruz. Rabbit polyclonal anti-HCF-1 (A301-
400A) and rabbit polyclonal anti-ASXL2 (A302-037A) were from Bethyl Laboratories. Mouse 
monoclonal anti-Flag (M2) was from Sigma. Mouse monoclonal anti-Myc (9E10) and mouse 
monoclonal anti-HA (HA11) were from Covance. Rabbit polyclonal anti-HA (ab9110) was from 
Abcam. Rabbit monoclonal anti-Perilipin (PLIN) was from New England BioLabs (D1D8) XP®).  
Rabbit polyclonal anti-aP2 (FABP4) was from Cayman Chemicals. Mouse polyclonal anti-
FOXK1 was provided by Dr. Xiao-Hua Li from Southwestern University of Texas. A rabbit 
polyclonal anti-FOXK2 was generated using a recombinant fragment of human FOXK2 by Pacific 
Immunology. 
 
 
lxxxvii-2 
 
Chemicals and reagents 
UBE1, USP2 CD, Ub-VME, Ub-AMC, recombinant Myc-Ub and Ub were from Boston 
Biochem. Cycloheximide (CHX), N-methylmaleimide (NEM), Phenylarsine oxide (PAO), 
MG132, Micrococcal nuclease (MNase) where from Sigma. Casein kinase II (CKII) inhibitor TBB 
(100 μM), Casein kinase I (CKI) inhibitor IC261 (10 μM), protein kinase G inhibitor KT5823 (10 
μM), CDK1 inhibitor RO-3306 (10 μM) where purchased from Millipore. The CDK1, CDK2 and 
CDK5 inhibitor Roscovitine (10 μM), MEK1/2 inhibitor UO126 (20 μM) and the protein kinase 
A (PKA) inhibitor H-89 (20 μM) were purchased from Cell Signaling. The CDK2 inhibitor 
Purvalanol A (50 μM) was purchased from  Abcam. Protein kinase C inhibitor PKC412 (20 μM) 
and STK inhibitor GSK 650394 (20 μM) were from Santa Cruz. The PI3-Kinase inhibitor caffeine 
(10 mM), CDK inhibitor CDKi (100 μM), CDK2 inhibitor GW8510 (20 μM) and JNK inhibitor 
SP600125 (30 μM) were from Sigma. SU 9516 (5 μM), Chk1 inhibitor SB 218078 (1 μM). Broad 
spectrum kinase inhibitor Staurosporine (100 nM), tyrosine kinase inhibitor Genistein (20 μM), 
CDK inhibitor Olomoucine (30 μM), CKII inhibitor Apigenin (20 μM), CKII and CDK inhibitor 
DRB (50 μM), PI3-Kinase inhibitor LY294002 (20 μM), CKII inhibitor NSC 210902 (15 μM), 
CKI inhibitor D 4476 (25 μM) and CKII inhibitor CAY10578 (15 μM) where from Cayman 
chemical. 
Cell culture, transfections and western blot 
HeLa S3 cervical cancer, MCF7 breast cancer, U2OS osteosarcoma, human embryonic 
kidney 293T, 293GPG virus-producing cells and 3T3-L1 mouse preadipocytes and human primary 
lung fibroblasts LF-1 were cultured in Dulbecco's modified Eagle's medium (DMEM) 
supplemented with 10% fetal bovine serum and penicillin/streptomycin.  
siRNA and plasmid DNA were transfected in MCF7 and U2OS cells, respectively, using 
Lipofectamine 2000 (Life Technologies). HEK293T (293T) cells were transfected using PEI 
(Sigma). 
Total cell lysates were prepared in buffer containing 25 mM Tris-HCl  pH 7.5 and 1% SDS, 
samples were immediately boiled at 95°C for 10 min and sonicated to break down DNA. Samples 
were diluted using 2X or 4X Laemmli buffer (Laemmli, 1970). SDS-PAGE and western blotting 
were conducted according to standard procedures. Images were acquired using ImageQuant™ 
LAS 4000 biomolecular imager (GE Healthcare, USA). Densitometry quantification of western 
blot bands was performed using Gel-Pro Analyzer 3.1 (Media Cybernetics). 
lxxxviii-2 
 
Stable cell lines 
HeLa S3 cell lines stably expressing Flag-HA-BAP1, Flag-HA-C91S, Flag-HA-∆E631-
A634, Flag-HA-ΔK637-C638InsN, Flag-HA-∆CTD, Flag-HA-∆CC1 were generated following 
retroviral transduction using pOZ-N-based retroviral constructs and selected using anti-IL2 
magnetic beads (Life Technologies) as previously described (Yu et al., 2010).  
U2OS cell lines stably expressing Flag-HA-BAP1, Flag-HA-C91S, Flag-HA-∆E631-A634, 
Flag-HA-ΔK637-C638InsN, Flag-HA-∆CTD, Flag-HA-∆CC1 were generated following 
retroviral transduction of pMSCV-Flag/HA-IRES-Puro based constructs and selected with 3 μg/ml 
of puromycin.  
3T3-L1 cell lines stably expressing Flag-HA-BAP1, Flag-HA-BAP1 5 K/R, Flag-HA-BAP1 
NLS T1, Flag-HA-UBE2O and Flag-HA-UBE2O CD were generated following retroviral 
transduction of pMSCV-Flag/HA-IRES-Puro based constructs and selected with 3 μg/ml of 
puromycin.  
Stable HeLa S3 Flag-HA-UBE2O cell line was generated following retroviral transduction 
of pMSCV-Flag/HA UBE2O-IRES-Puro and selected with 2 μg/ml of puromycin. 
Purification of BAP1 complexes and UBE2O-interacting proteins  
HeLa S3 (~12 X 109) cells stably expressing Flag-HA-BAP1, Flag-HA-C91S, Flag-HA-
∆E631-A634, Flag-HA-ΔK637-C638InsN, Flag-HA-∆CTD and Flag-HA-UBE2O were grown in 
spinner flasks. The cytosolic fraction was used for the purification of UBE2O with Flag and HA 
immunoaffinity columns essentially as previously described (Groisman et al., 2003) the Flag and 
HA columns were washed with either low salt buffer containing 100 mM KCl (Flag-HA-UBE2O 
LS) or 300 mM NaCl (Flag-HA-UBE2O HS) (Figure S2A, C, D)). The BAP1 protein complexes 
were purified from total soluble protein extracts in EBcom (50 mM Tris-HCl pH 7.5, 150 mM 
NaCl, 0,5% NP-40, 50 mM NaF, 10 mM β-glycerophosphat, 1 mM Na3VO4 1 mM DTT, 1 mM 
EDTA, 1 mM PMSF and protease inhibitors cocktail (Sigma)). The extracts were clarified by 
centrifugation at 30,000g for 1 hour, with subsequent filtration of supernatants through a 0,45 μm 
pore filter. The extracts were incubated with the anti-Flag M2 resin overnight and extensively 
washed with EBcom. The resin was eluted three times with EBcom containing 200 ng/ml of Flag 
peptide. The eluted fractions were incubated with anti-HA resin overnight, and the procedure was 
repeated as for the previous column. The HA eluted fractions were used for silver stain, western 
blot and in vitro DUB assay. Mass spectrometric identification of UBE2O-interacting proteins was 
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done at the Taplin Mass Spectrometry facility (Harvard, USA). Identification of additional BAP1-
interacting proteins was done at the Proteomics Platform of the Quebec Genomics Center (CHUQ, 
Laval University, Canada). 
Immunoprecipitation 
Cells were lysed in buffer EB150 (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% NP-40, 10 
mM β-mercaptoethanol, 1 mM PMSF and protease inhibitors cocktail (Sigma)) and the lysates 
were clarified by centrifugation at 21,000 g for 30 min. The supernatants were incubated with 
indicated antibodies for 3 hours and then protein-G beads were added and incubated for an 
additional hour. The samples were extensively washed with EB150 and re-suspended in 2X 
Laemmli buffer. For an IP under denaturing conditions, the cells were harvested as described for 
western blot, and diluted in EB300 (50 mM Tris-HCl pH 7.5, 300 mM NaCl, 1% NP-40, 10 mM 
β-mercaptoethanol). The lysates were incubated overnight with antibody and protein-G beads. The 
beads were washed several times with EB300 and resuspended in 2X Laemmli buffer. 
Mass spectrometric identification of ubiquitination sites 
293T (~1 X 109) cells were transfected with HA-Ub, Flag-C91S, and His-UBE2O expression 
vectors. 96 hours later, the cells were lysed in EB300 containing 20 mM NEM and protease 
inhibitor cocktail. The extracts were clarified by centrifugation at 30,000g for 1 hour. The extracts 
were incubated with the anti-Flag M2 resin overnight and extensively washed with EB300. The 
resin was eluted three times with EB300 containing 200 ng/ml of Flag peptide. The eluted fractions 
were combined and concentrated using TCA (trichloroacetic acid) precipitation and loaded on the 
NuPAGE® Bis-Tris Precast Gel (Life Technologies). The gel was stained with Coomassie G-250 
and the modified C91S bands were excised and sent for MS analysis at Taplin Mass Spectrometry 
facility (Harvard, USA).  
 
 
Glycerol gradient  
Molecular mass fractionation of nuclear extract was conduced using a 10-40 % glycerol 
gradient prepared in 20 mM Tris-HCl, pH 7.9; 100 mM KCl; 5 mM MgCl2; 1 mM PMSF; 0.1% 
NP40 and 10 mM β-mercaptoethanol. The samples were centrifuged for 12 hours at 50,000 RPM 
(SW55Ti rotor, Beckman,) at 4 ºC. Individual fractions were then collected from top to bottom 
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and analyzed by western blotting. The BAP1 complex is estimated to have a molecular mass of 
1.6 MDa. 
In vitro interaction assays 
Recombinant GST-BAP1 fusion proteins were purified from bacteria using glutathione 
agarose beads (Sigma) and 2 to 3 μg of bound proteins were incubated with His-UBE2O for 6 to 
8 hours at 4 ºC in pull down buffer (50 mM Tris-HCl, pH 7.5; 50 mM NaCl; 0.02% Tween 20; 1 
mM PMSF and 500 μM dithiothreitol). The beads were extensively washed with the same buffer, 
and bound proteins eluted in 2X Laemmli buffer and subjected to western blotting.  
In vitro ubiquitination assay 
Ubiquitination reactions were conducted in a total volume of 30 μl containing 25 mM Tris-
HCl pH 7.5, 10 mM MgCl2, 5 mM ATP, 50 ng/μl Ub, 250 ng of human recombinant UBE1 and 1 
mM β-mercaptoethanol. Purified Flag-HA-BAP1, Flag-HA-C91S, His-C91S (bacterial 
recombinant), Flag-UBE2O-His (bacterial recombinant) and Flag-HA-UBE2O were added as 
indicated.  
Reaction on the beads-immobilized complexes was performed when indicated. Briefly, the 
anti-Flag M2 beads were incubated with high salt nuclear extracts from HeLa S3 Flag-HA-BAP1 
or Flag-HA-C91S for 5 hour and washed 8 times with buffer containing 20 mM Tris-HCl pH 7.5, 
100 mM KCl, 1 mM MgCl2, 5 mM EDTA, 0.1% Triton X-100 and 1 mM PMSF. The last wash 
was performed using buffer containing 25 mM Tris-HCl pH 7.5 and 10 mM MgCl2. The beads-
bound complexes (25 μl) were used for the reaction essentially in the same conditions as for the 
reaction in solution. Reactions were incubated at 37ºC with constant shaking overnight. Met-Ub 
was previously described (Kirisako et al., 2006) 
Purification of the nucleosomes and In vitro nucleosome DUB assay 
Preparation of chromatin fractions and digestion with Micrococcal nuclease (MNase Sigma) 
were conducted as previously described (Groisman et al., 2003), with some modifications. The 
293T cellular pellet was resuspended in EB420 (50 mM Tris-HCl pH 7.5, 420 mM NaCl, 1% NP-
40, 10 mM β-mercaptoethanol, 20 mM NEM and protease inhibitor cocktail). The soluble fraction 
was discarded and the pellet was extensively washed with MNase buffer (20 mM Tris-HCl pH 7.5, 
100 mM KCl, 2 mM MgCl2, 1 mM CaCl2, 0.3 M sucrose, 0.1% NP-40, and protease inhibitor 
cocktail). Following MNase treatment (3 U/ml for 10 min at room temperature), the reaction was 
quenched with 5 mM of EGTA and 5 mM of EDTA. The samples were then centrifuged at 20,000g 
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for 10 minutes at 4°C to obtain the soluble chromatin fraction.  The extract was incubated with 
anti-Flag M2 resin overnight and washed with EB300 buffer. The beads then were eluted with 
EB300 containing 200 ng/ml of Flag peptide.  
The eluted soluble chromatin fraction was incubated with the indicated Flag/HA purified 
BAP1 complexes and used for western blotting. 
Immunofluorescence 
The procedure was carried over essentially as previously described (Daou et al., 2011). 
Briefly cells were fixed in 3% PFA-PBS and permeabilized using PBS 0.1% NP-40. Anti-mouse 
Alexa Fluor® 594 and Anti-mouse Alexa Fluor® 488  (Life Technologies) were used as secondary 
antibodies. Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI).  
Images were acquired using Zeiss. Z2 microscope and Plan Apochrmat 40X/0.95 Korr, Plan 
Apochrmat 63X/1.4 Oil DIC and Plan Apochrmat 100X/1.4 Oil DIC objectives and AxioCam 
MRm camera. Images were processed using WCIF-ImageJ program (NIH).  
Adipogenic differentiation of 3T3-L1 preadipocytes. 
3T3-L1 cell lines stably expressing BAP1 or UBE2O were plated at the same density, upon 
reaching of confluency the growth media was changed to induction media containing 10% fetal 
bovine serum, penicillin/streptomycin, 1 μM dexamethasone, 1 μg/ml insulin and 500 μM IBMX 
(Sigma). Two days post-induction, the media was changed to maintenance media containing 10 % 
fetal bovine serum, penicillin/streptomycin, 1 μg/ml insulin. The cells were fixed with PFA or 
harvested for western blotting  two to three days post-induction. Lipid droplet content was 
evaluated using Oil-Red O lipid stain (Sigma). 
Protein sequence analysis, and structure modelin 
Protein sequences were analyzed and aligned using Geneious 6.1.2 created by Biomatters, 
available from http://www.geneious.com. NLS consensus were analyzed using ProSite (Sigrist et 
al., 2013) and NLStradamus (Nguyen Ba et al., 2009). Coiled-coil regions were predicted using 
COILS (Lupas et al., 1991). BAP1 3D structure modeling was performed using SWISS-MODEL 
(Arnold et al., 2006) and crystal structure of UCH37 (Burgie et al., 2011) (PDB code: 3IHR). 
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Summary 
The cellular response to highly genotoxic DNA double-strand breaks (DSBs) involves the 
exquisite coordination of multiple signaling and repair factors. Here, we conducted a functional 
RNAi screen and identified BAP1 as a DUB required for efficient assembly of the homologous 
recombination (HR) factors BRCA1 and RAD51 at ionizing radiation (IR)-induced foci (IRIF). 
BAP1 is a chromatin-associated protein frequently inactivated in cancers of various tissues. To 
further investigate the role of BAP1 in DSB repair, we used a gene targeting approach to knock 
out this DUB in chicken DT40 cells. We demonstrate that BAP1-deficient cells are (i) sensitive to 
IR and other agents that induce DSBs, (ii) defective in HR-mediated immunoglobulin gene 
conversion and (iii) exhibit an increased frequency of chromosomal breaks following IR treatment. 
We also show that BAP1 is recruited to chromatin in the proximity of a single site-specific I-SceI-
induced DSB. Finally, we identified six IR-induced phosphorylation sites in BAP1 and 
demonstrated that mutation of these residues inhibits BAP1 recruitment to DSB site. We also found 
that both BAP1 catalytic activity and its phosphorylation are critical for promoting DNA repair 
and cellular recovery from DNA damage. Our data reveal a novel role for BAP1 in DSB repair by 
HR, thereby providing a possible molecular basis for its tumor suppressor function. 
 
Significance Statement 
BAP1 is a deubiquitinase of histone H2A involved in chromatin remodeling. Several studies 
identified BAP1 as major tumor suppressor inactivated in various cancers. Nonetheless, the 
manner in which BAP1 protects against cancer development remains enigmatic. We now 
demonstrate that BAP1 is recruited to double strand DNA break sites and promotes error-free 
repair of these lesions. We also provide the first evidence that phosphorylation coordinates the 
function of BAP1 in promoting cellular recovery from DNA damage. Thus, our study represents 
a significant advance in the field of ubiquitin signaling in the context of cancer development. 
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Introduction  
Following induction of DSBs, a convoluted ubiquitin-mediated signaling cascade 
culminates in the assembly of multiple repair proteins at the site of DNA damage (1). These early 
ubiquitin signaling events involve, most notably, the recruitment of the RING finger E3 ligases 
RNF8/RNF168. RNF168 catalyzes K63-linked ubiquitin chains formation on histones 
H2A/H2AX, which is required for the recruitment of key downstream factors including 53BP1, 
BRCA1, and RAD51 (2). 53BP1 and BRCA1/RAD51 promote, in a cell cycle-dependent manner, 
DSB repair via non-homologous end joining (NHEJ) and homologous recombination (HR) 
respectively (3). In parallel, another ubiquitin signaling pathway, involving the Polycomb group 
complex PRC1, also contributes to coordinate the DSB response. PRC1 catalyzes the 
monoubiquitination of H2A on K119 residue (H2Aub), a critical chromatin modification involved 
in regulating gene expression and DNA damage/repair responses (4). It was proposed that H2Aub 
promotes silencing of transcription in chromatin regions flanking the DSBs, thus facilitating DNA 
repair (5, 6). 
Several deubiquitinases (DUBs) have also been linked to DSB signaling and growing 
evidence suggests that deubiquitination might exert an extensive control on the recruitment and/or 
disassembly of proteins at the site of DNA damage. For instance, BRCC36, a K63 chain-specific 
DUB, regulates the recruitment of repair proteins by modulating the level of ubiquitin chains (7, 
8). POH1/rpn11/PSMD14, a regulatory subunit of the 19S proteasome, deconjugates ubiquitin 
chains at DSB sites and promotes the recruitment of RAD51 (9). USP3 and OTUB1 have also been 
reported to be important for DSB signaling and repair (10, 11). 
The DUB BAP1 is a tumor suppressor inactivated in various types of cancer (12). BAP1 
forms multi-protein complexes with several chromatin associated-proteins notably the host cell 
factor 1 (HCF-1) and regulates transcription (13). The Drosophila BAP1, Calypso was shown to 
deubiquitinate H2Aub (14). Thus BAP1 might be involved in the DNA damage response by 
coordinating H2A ubiquitination. Notably, proteomic studies revealed BAP1 among 
phosphorylated proteins during DNA damage (15). Nonetheless, the role of BAP1 in DNA damage 
response, and more generally the mechanism of tumor suppression exerted by this DUB, remain 
unclear. In the current study, we identify BAP1 as a novel regulator of DSB repair, which in turn 
may elucidate the molecular underpinnings of its to date poorly understood tumor suppressor 
function. 
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Results  
A DUB RNAi screen reveals novel regulators of HR proteins assembly at IRIF.  
We sought to identify novel DUBs required for the recruitment or the dispersion of repair 
proteins at IRIF. A human DUB RNAi library was used to screen for DUBs whose depletion affect 
the number of RAD51 or BRCA1 foci at DSB sites (Fig. 1A). A twenty-four hours time point post-
IR was selected for our studies, time at which 50-60 % of cells still exhibit DSB foci, thus 
facilitating detection of any potential increase or decrease of foci formation (Fig. 1B). Several 
DUBs were identified in this manner as associated with either increased, or more often decreased, 
RAD51 and/or BRCA1 foci (Fig. 1C, Table S1). As a proof of validity, we also identified 
BRCC36, USP3 and PSMD14, which have been previously reported to regulate DSB signaling by 
impacting RAD51 and/or BRCA1 foci formation (9, 10, 16). The novel DUB candidates whose 
knockdown induced a decrease in BRCA1/RAD51 foci formation include BAP1, DUB3, 
STAMBP, STAMBPL1 and COPS5 (Fig. 1C). We also identified candidate DUBs whose 
knockdown result in increased BRCA1/RAD51 foci formation, notably ZRANB1 (Fig. 1C). 
Immunostainings of BRCA1 and RAD51 foci following depletion of the known DSB regulator 
PSMD14 and the novel candidate BAP1 are shown (Fig. 1D). 
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Figure 1. DUB screen identifies novel regulators of HR protein assembly at IRIF. A) Schematic 
representation of DUB loss-of-function screen for IRIF regulators. U2OS cells were transfected with individual siRNA 
pool targeting DUBs, exposed to IR and collected for staining. B) Graphs represent the percentage of cells with more 
than 10 foci of BRCA1 or RAD51. Dashed red line shows the percentage of cells with protein foci for the control 
sample. C) Venn diagrams showing DUBs associated with reduced or increased percentage of cells with foci. DUBs 
having the same phenotype with both BRCA1 and RAD51 foci are indicated. D) Representative staining of BRCA1 
and RAD51 foci in PSMD14- and BAP1- depleted cells. 
 
BAP1 promotes the recruitment of HR proteins at IRIF. 
We focused on further characterization of BAP1 in the DNA damage signaling/repair 
processes. We used two additional shRNA constructs targeting BAP1 and found that in each case 
both BRCA1 and RAD51 foci were significantly reduced (Fig. S1A). Next, we monitored the 
dynamics of IRIF formation for several key proteins in BAP1-depleted cells. Primary human 
fibroblasts (LF1) were transfected either with control or BAP1 siRNA constructs, irradiated and 
analyzed at different time points post-damage (Fig. 2A,B and Fig. S1B). Relative to control cells, 
the majority of BAP1-depleted cells exhibited less than 10 BRCA1 and RAD51 foci per cell at all 
time points, although γH2AX focus formation was similar. It is known that 53BP1 inhibits 
BRCA1-mediated HR and promotes NHEJ during the G1 phase (17). However, cell cycle analysis 
did not reveal any substantial accumulation of cells in the G1 phase (Fig. S2A). In addition, we 
did not observe any significant increase in 53BP1 foci either prior to, or post, IR treatment (Fig. 
2A,B). Consistent with these results, staining for foci containing auto-phosphorylated DNA-PK, a 
kinase required for NHEJ (18), did not reveal significant differences between BAP1-depleted and 
control cells (Fig. 2A,B). Interestingly, constitutive BRCA1 foci, that are distinct from IRIF, were 
also reduced in BAP1-depleted cells indicating that this DUB might be involved in coordinating 
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BRCA1 association with chromatin under normal growth conditions. Of note, BRCA1/RAD51 
protein expression were not significantly different following BAP1 depletion (Fig. 2C). We note 
that IR-induced accumulation of the p53 tumor suppressor was essentially similar in control vs. 
BAP1-depleted cells (Fig. S2B). As expected, BAP1-depleted cells manifested a global increase 
of H2Aub (Fig. 2C and Fig. S2C).  
BAP1 does not distinctly accumulate at IRIF (Fig. S1A), but might be transiently and 
dynamically recruited to DSBs. To assess the potential recruitment of BAP1 to DNA breaks, we 
fractionated cellular extracts from untreated vs. IR-treated cells and observed a consistent increase 
of BAP1 in the chromatin fraction in response to IR (Fig. 2D). As expected, accumulation of 
RAD51 and BRCA1 on chromatin was readily observed. Of note, no obvious change of global 
H2Aub was observed in the chromatin fractions suggesting that DNA damage-induced H2A 
ubiquitination marginally contribute to the global H2Aub signal. We further probed whether BAP1 
is indeed recruited to DSB sites by chromatin immunoprecipitation (ChIP) (Fig. 2E). Real-time 
PCR quantification of immunoprecipitated chromatin by BAP1 in the vicinity of a unique DSB 
created by I-SceI in vivo indicated that BAP1 is enriched near the DSB site. Importantly, at the 
break site, H2Aub levels were inversely correlated with BAP1 recruitment. In contrast, no 
recruitment of BAP1 was detected distal to the break, where high levels of H2Aub were observed.  
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Figure 2. BAP1 promotes IRIF formation and is recruited to the site of double strand breaks (DSBs). 
LF1 cells were transfected with either control or BAP1 siRNA. Three days following transfection, control and BAP1 
RNAi cells were combined (1:1) and treated with IR (7.5 Gy). Cells were fixed and stained for IRIF proteins in BAP1-
depleted cells. Representative staining of cells at 12 hours post-IR treatment are shown in A) and the data are presented 
as mean ± SD in B). Dashed white line encircles cells with effectively reduced BAP1 expression. Statistical analysis 
was performed using Student’s t-test, *P < 0.05, **P < 0.01. C) Protein levels of BRCA1, RAD51 and other proteins 
were determined by western blotting. D) BAP1 is recruited to chromatin after DNA damage. HeLa cells were treated 
with IR (15 Gy) and chromatin was isolated and analyzed for the indicated proteins. E) BAP1 is recruited at the 
proximity of a single DSB in MCF7 cells carrying an I-SceI site. Top, schematic representation of the DSB created 
by I-SceI and the position of the primers used for the ChIP assay. Bottom, enrichment of endogenous BAP1 and 
H2Aub on regions at proximity to the DSB was determined by ChIP and calculated as percentage of the input. 
Experiments were repeated 2 times independently and real-time PCR was performed 3 times for each experiment. 
Data are presented as mean ± SEM. 
 
BAP1 KO DT40 cells are sensitive to DSB-inducing agents and defective in HR-mediated 
sIgM gene conversion. 
 To further investigate the function of BAP1 in HR, we generated a conditional BAP1 KO 
chicken B lymphoma DT40 cells (Fig. 3A). BAP1 is highly conserved between human and chicken 
(Fig. S3A). Southern blot analysis indicated that both alleles were ablated (Fig. 3B). Targeting of 
one allele included an expression cassette with the human BAP1 cDNA flanked by two loxP sites 
allowing Cre-mediated excision. The DT40 Cre-1 cell line used for the KO generation stably 
expresses a tamoxifen inducible Cre recombinase (19). Thus, following tamoxifen treatment, 
>95% of the cells lose BAP1 expression (Fig. S3B). To obtain cell populations that are completely 
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BAP1-deficient, we isolated two single cell KO clones with complete absence of BAP1 expression 
(Fig. 3C). BAP1-deficient DT40 cells show, as expected, a global increase of H2Aub (Fig. 3C). 
Cell proliferation was also delayed in BAP1 KO cells (Fig. S4). 
To assess the role of BAP1 in DSB repair, we conducted survival assays with BAP1 KO 
DT40 cells treated with DNA damaging agents that induce DSBs. Since BAP1 KO cells proliferate 
slower than WT cells (Fig. S4), cell numbers were adjusted before treatment to compensate for 
any potential bias that could be introduced as a consequence of unequal cell proliferation. We 
observed that the BAP1-/- cells are more sensitive to IR than WT cells (Fig. 3D). BAP1 KO 
sensitivity to IR is accompanied by an elevated level of chromosome aberrations (Fig. 3E, S5). 
HR-deficient cells, such as cancer cells harboring inactivating mutations in BRCA1 or BRCA2, 
are hypersensitive to poly (ADP-ribose) polymerase (PARP) inhibition (20). We analyzed the 
response of BAP1 -/- cells to the PARP inhibitor, Olaparib. Indeed, BAP1 -/- cells are strikingly 
sensitive to PARP inhibition relative to BAP1 +/+ and +/- cells (Fig. 3D). The high sensitivity of 
BAP1 KO cells to IR and Olaparib is consistent with the recently reported sensitivity of renal 
carcinoma-derived BAP1-deficient cells to DSB-inducing agents (21). 
 In order to confirm a role for BAP1 in HR, we took advantage of the fact that DT40 cells 
constitutively diversify their immunoglobulin loci by gene conversion (22). The DT40 Cre-1 cell 
line harbors a frameshift in the rearranged V segment of the Ig light chain gene (IgL), which results 
in a surface IgM negative (sIgM-) phenotype. This frameshift can be repaired by HR-based gene 
conversion in a fraction of the cells, leading to the re-expression of sIgM (Fig. 3F). Thus, the 
proportion of sIgM+ revertants in the population can be used to quantify gene conversion 
efficiency. sIgM- cells were sorted and expanded to allow gene reversion for the same number of 
population doublings. While approximately 8 % of BAP1 +/+ cells reverted, both BAP1 -/- clones 
were relatively defective (1 % and 0.5 %) whereas BAP1 +/- cells showed an intermediate 
phenotype (5 %) (Fig. 3F).  
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Figure 3. BAP1 KO DT40 cells are sensitive to DNA damaging agents and defective in HR-mediated gene 
conversion at sIgM locus. A) Schematic for the strategy used to generate BAP1 KO in DT40 cells. B) 
Southern blot confirming BAP1 targeted alleles. C) DT40 BAP1 KO clones 1 and 2, isolated after Cre-
mediated excision of BAP1. D) Clonogenic survival of BAP1 KO DT40 cells treated with IR or Olaparib. 
Statistical analysis was performed using Student’s t-test, **P < 0.01. E) BAP1 KO DT40 cells have 
increased chromosome breaks after DNA damage. Cells were treated with IR (2 Gy) and fixed after 3.5 
hours. Three independent experiments were done and chromosome aberrations (isochromatid/ chromatid 
gaps and breaks and radial figures) were scored in 100 cells for each experiment. Results are reported as 
total aberrations per cell. F) Left, schema representing the mechanism of sIgM reversion in DT40 cells by 
gene conversion. Right, sIgM- cells, isolated by flow cytometry, were expanded for 90 generations and the 
proportion of sIgM+ revertant cells of each sub-population was determined. The experiment was done 2 
times independently and the graph compiles the results of both experiments with medians indicated by 
horizontal lines. Statistical analysis was performed using Student’s t-test, **P < 0.01. 
 
Phosphorylation of BAP1 following IR treatment promotes DNA repair and cellular 
recovery from DNA damage. 
In global proteomics studies, BAP1 was reported to be phosphorylated on S592 
(ATM/ATR SQ motif) following IR treatment (15). We conducted a large-scale 
immunopurification of BAP1 post-IR from HeLa cells followed by mass spectrometry analysis. 
We identified another SQ phosphosite (S276) and novel IR-induced phosphorylation sites two of 
which are conserved between human and chicken (Fig 4A. Fig. S6A-C).  
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Figure 4. BAP1 is phosphorylated following DNA damage on multiple sites. A) Schematic 
representation of BAP1 showing its main domains and motifs: ubiquitin C-terminal hydrolase (UCH), HCF-
1 binding motif (HBM), C-Terminal Domain (CTD) and nuclear localization signal (NLS) along with the 
identified phosphorylation sites. B) ATM is required for phosphorylation of BAP1. HeLa cells expressing 
Flag-HA-BAP1 were incubated with ATM inhibitors and then treated with IR (7.5 Gy). 
Immunoprecipitated BAP1 was subjected to immunoblotting or PRO-Q stain. C) BAP1 complexes were 
purified at 3 hours post-IR and subjected to silver staining (left) and western blot analysis (right). D) Top, 
purified BAP1 complexes were incubated with or without the Ub-VME probe for 2 hours and analyzed by 
western blot. Bottom, in vitro deubiquitination assay of nucleosomal H2Aub using purified BAP1 
complexes. Flag-HA-BAP1 complexes were isolated at different times post-IR and incubated with 
nucleosomes for 4 hours.  
 
Using an anti-pSQ(G) antibody, expected to recognize S592, we found that mutation of 
S592, indeed abolished the phosphorylation of BAP1 on this site (Fig S7A). Next, using this 
antibody, we found that inhibition of ATM with caffeine or KU-55933 resulted in decreased 
phosphorylation of BAP1 S592 (Fig 4B). However, ATR inhibition only resulted in a slight 
decrease of the S592 phosphorylation signal, while ATR-mediated CHK1 phosphorylation was 
abrogated (Fig. S7B). Using DNA-PK-deficient cells, we found that this kinase is not responsible 
for phosphorylation of BAP1 S592 following IR (Fig. S7C). Of note, HCF-1 is not required for 
BAP1 phosphorylation by ATM since the S592 phosphorylation signal on BAP1 lacking HBM is 
not decreased following IR treatment (Fig. S7D). CDKs are involved in DSB repair (23, 24), and 
might in concert with ATM, phosphorylate BAP1 in order to coordinate its function. Using 
chemical inhibitors in conjunction with the anti-pSQ(G) antibody, we did not observe a 
requirement of CDKs for BAP1 phosphorylation by ATM (Fig.S7E). Using the PRO-Q 
phosphostain, we found that the global phosphorylation state of BAP1 did not significantly change 
following IR treatment or CDK inhibition (Fig. S7E), likely due to the high level of constitutive 
phosphorylation of BAP1.  
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Next, we found that the stable components of the BAP1 complexes are unaffected by IR 
treatment (Fig. 4C and Fig. S6D). We then used an activity-directed ubiquitin probe that binds to 
the catalytic site of cysteine protease DUBs, and found that the probe labeled purified BAP1 from 
untreated and IR-treated cells with similar efficiency (Fig. 4D, top panel). Similar results were 
observed for endogenous BAP1 in HeLa or U2OS cells (Fig. S6E). Next, we evaluated BAP1 
DUB activity toward H2A using purified nucleosomes incubated with BAP1 complexes isolated 
from untreated vs. IR-treated cells (Fig. 4D, bottom panel) and no significant difference was 
observed. Therefore, we sought to determine the importance of the IR-specific phosphosites of 
BAP1 for its DNA damage function in vivo. We generated a set of BAP1 phospho-mutants 
including the conserved residues S/T273/A and S276A, the SQ sites (S276A/S592A, SQ-MUT), 
and all IR-phosphorylated residues of BAP1 (6 phosphosites converted to alanines, P-MUT). 
These mutants were used, along with the BAP1 ΔHBM, and the BAP1 catalytically dead (C91S), 
to stably reconstitute the BAP1-deficient lung carcinoma cell line H226 (Fig. 5A). As previously 
shown (25), expression of BAP1 WT, but not the catalytic dead mutant, induced a delay in H226 
cell proliferation (Fig. 5B). BAP1-deficient in interaction with HCF-1 did not affect cell 
proliferation. Interestingly, the BAP1 P-MUT also failed to reduce cell proliferation. To further 
determine the sensitivity of these cells to IR, clonogenic survival assay was performed. To exclude 
any potential bias that can be introduced by the unequal cell proliferation of the BAP1 stable cell 
lines, survival rates were normalized to untreated cells. Thus, although H226 cells expressing 
BAP1 WT proliferate relatively slowly, they were more resistant to IR compared to H226 cells 
expressing the empty vector. The BAP1 C91S, BAP1 ΔHBM and BAP1 P-MUT were the most 
sensitive to IR (Fig. 5C). Based on the above, we concluded that phosphorylation of BAP1 on 
multiple sites as well as catalytic activity are required for promoting cell survival following IR. Of 
note, no overt apoptosis is induced following IR treatment of H226 expressing the WT or mutant 
forms of BAP1 (Fig. S8B). Next, we conducted ChIP analysis and found that while the recruitment 
of BAP1 SQ-MUT to the site of DSB was partially decreased, the recruitment BAP1 P-MUT, was 
totally abolished (Fig. 5D). Of note, similar to the WT BAP1, the P-MUT assembled protein 
complexes (Fig S7F, G) and efficiently deubiquitinated nucleosomal H2A in vitro (Fig S7H). To 
directly analyze DSB repair, we determined the levels of γH2AX in H226 stably expressing BAP1 
WT or mutants following IR treatment (Fig. 5E). We found that the WT BAP1, but not the C91S 
or the P-MUT reduced both the constitutive and IR-induced accumulation γH2AX. BAP1, but not 
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the C91S mutant, promoted a strong deubiquitination of H2A. Interestingly, while expression of 
BAP1 P-MUT also significantly promoted deubiquitination of H2A, the remaining levels of 
H2Aub were consistently twice higher in cells expressing the BAP1 P-MUT than the cells 
expressing the WT form (Fig. 5E). 
 
 
 
 
Figure 5. Phosphorylation of BAP1 following IR promotes cellular recovery from DNA damage 
A) Generation of H226 cells stably expressing BAP1 WT and mutants. B) Effects of BAP1 WT and mutant forms on 
H226 cells proliferation. The same number of cells was seeded and allowed for colony formation visualized by crystal 
violet staining. Experiment was done at least three times. C) H226 cell lines were treated with IR (20 Gy) and surviving 
colonies were quantified by crystal violet staining and normalized to the untreated controls. Experiment was done 3 
times and data are presented as mean ± SD. Statistical analysis was performed using Student’s t-test, **P < 0.01. D) 
ChIP analysis of the recruitment of phosphorylation-deficient mutants of BAP1 at the proximity of DSB in MCF7 
cells carrying an I-SceI site. Experiment was repeated 2 times independently and real-time PCR was performed 3 
times for each experiment. Data are presented as mean ± SEM. E) H226 BAP1-deficient cells that express BAP1 WT 
or mutant forms were treated with IR (15 Gy) and harvested for western blotting. F) Model for the role of BAP1 in 
the DSB response. BAP1 is phosphorylated after DNA damage, thus promoting its recruitment to the DSB site for 
H2A deubiquitination allowing the recruitment of downstream DSB signaling and repair proteins.  
 
Discussion 
We report the identification of DUB candidates that might play important roles in the 
cellular response to DSBs. Notably, STAMBP and COPS5 appear to be interesting candidates. 
These DUBs are zinc-dependent metalloproteases of the JAMM/MPN+ family which have 
intrinsic specificity toward K63-linked ubiquitin chains (26). Since K63 chains are highly involved 
in the DSB response, it is possible that these DUBs regulate DSB repair. Notably, we also identify 
BAP1 as a novel regulator of HR. Consistently, BAP1 KO phenocopies BRCA1 KO and RAD51 
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KO in DT40 cells, being both hypersensitive to DSB-inducing agents accompanied with high 
levels of chromosome breaks (27, 28). We emphasize that BAP1 heterozygous clones also exhibit 
chromosomal defects and decreased HR-mediated sIgM reversion. This suggests that BAP1 
dosage is critical, which may reflect the fact that all nuclear BAP1 is contained within multi-protein 
complexes (13). Indeed, BAP1 heterozygous mutations are found in human tumors (29). 
Several mechanisms, not necessarily mutually exclusive, might explain how BAP1 
regulates HR proteins. First BAP1 depletion decreases the assembly of constitutive BRCA1 foci, 
which are associated with replication of heterochromatin (30). Thus, it is plausible that BAP1 
depletion affects the expression of genes involved in BRCA1 recruitment on chromatin. It is also 
possible that the effects of BAP1 on the recruitment of HR proteins might be directly linked to its 
previously reported interaction with BRCA1/BARD1 (31, 32). Although our studies failed to 
reveal BRCA1/BARD1 as stable components of the BAP1 complexes (13), and BAP1 exerts 
BRCA1-independent effects on cell proliferation (25), it is possible that BRCA1 interaction with 
BAP1 is transient and associated with DNA damage-dependent and -independent events. Thus, 
the implication of BAP1 in HR revealed herein provides impetus for future studies to determine 
the exact significance of the interaction between BAP1 and BRCA1/BARD1. 
On the other hand, to facilitate DNA repair, transcription appears to be blocked at DSB by 
PRC1-mediated H2A ubiquitination (5). Accordingly, DUBs that remove H2Aub at DSBs are 
expected to inhibit HR. However, we observed the opposite effect, i.e., the H2A DUB BAP1 
promotes HR. In fact, the BAP1 complex might act in concert with the PRC1 complex to promote 
dynamic ubiquitination/deubiquitination of H2A thereby ensuring the proper dosage of this 
modification at the site of DSB. Based on our ChIP analysis for BAP1 and H2Aub near the DSB 
site, it is possible that BAP1 deubiquitinates H2A in the proximity of the DSB site to increase 
chromatin accessibility at this specific region to allow, e.g., DNA resection during HR. Thus, 
BAP1 depletion causing an increase of H2Aub might interfere with specific chromatin and/or 
histone modifications events at DSBs, which might explain the observed defect in HR. Moreover, 
it is possible that more than one H2A DUB is involved in the signaling at DSBs. Some DUBs 
might assist in chromatin organization to promote DNA repair, whereas others could play a role 
in foci resolution. Consistent with this model, it was reported that another H2A DUB, USP16, 
regulates the level of this histone modification to control the derepression of transcription at DSB 
sites (6). 
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In support of BAP1 function in the cellular response to DSBs, we showed that its 
phosphorylation is required for promoting survival after IR. Since BAP1 phosphorylation does not 
directly impact intrinsic BAP1 DUB activity, it is possible that it rather promotes BAP1 interaction 
with other factors to facilitate the recruitment to DSBs where it regulates H2Aub levels. Indeed, 
the residual levels of H2Aub are consistently higher in H226 cells expressing the BAP1 P-MUT 
than the WT form, probably reflecting an inability of the mutant to deubiquitinate the small pool 
of H2Aub associated with DSBs. We also note that several sites of BAP1 are phosphorylated 
following IR treatment, including SQ and non-SQ sites indicating that BAP1 is phosphorylated by 
multiple DNA damage-responsive kinases. Thus, BAP1 involvement in the DNA damage response 
might be more complex than anticipated. Indeed, the use of BAP1 P-MUT to reconstitute BAP1-
deficient H226 cells indicated that the decrease of cell proliferation following re-introduction of 
WT BAP1 depends on its phosphorylation, even in the absence of exogenously inflicted DNA 
damage. The effect of BAP1 phosphorylation on cell proliferation likely reflects a role of this DUB 
in DNA damage-induced checkpoint responses. In fact, normally growing H226 cells have 
elevated levels of γH2AX and a severe genomic instability (Fig. S8C,D), indicative of high rates 
of spontaneous DNA damage in these BAP1-deficient cells. These cancer cells must necessarily 
harbor defects in DNA damage checkpoints that allow them to proliferate under such genomic 
instability. Therefore, the expression of BAP1 WT in H226 cells might re-activate certain DNA 
damage checkpoints thus causing decreased cell proliferation.  
In summary, we provide strong evidence indicating that BAP1 is a DNA damage signaling 
and repair enzyme (Fig. 5F). Loss of BAP1 is expected to decrease HR, an error free repair 
mechanism. Under such conditions, cells might become much more reliant on NHEJ, an error-
prone repair mechanism, resulting in the net accumulation of mutations and chromosomal 
aberrations that cause genomic instability. Moreover, as a consequence of BAP1 inactivation, 
defects in checkpoint(s) signaling could promote the survival of cells harboring damaged DNA, 
thus driving neoplastic transformation. 
 
Materials And Methods 
RNAi, gene targeting and phenotypic analysis. 
Cells were transfected with siRNA or shRNA targeting DUBs or non-target control and 
harvested as indicated. The DT40 Cre-1 cell line was used to generate the BAP1 KO. Clonogenic 
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survival assay, cytogenetic analysis, sIgM gene conversion assay, preparation of cell extracts and 
chromatin fraction for western blotting were done as described in the SI text. 
Immunofluorescence and flow cytometry analysis. 
Cells were immunostained as previously described (33). Flow cytometry determination of 
DNA content, BAP1, phospho histone H3 serine 10, and BrdU incorporation were conducted using 
LSRII flow cytometer and data were processed with FlowJo V887 software.  
Chromatin immunoprecipitation on I-SceI-induced double strand break (DSB). 
Induction of a single DSB following I-SceI expression, ChIP experiments and real-time 
PCR were done as described in the SI text. 
Purification of BAP1 complexes and identification of phosphorylation sites. 
HeLa S3 cells expressing stably Flag-HA-BAP1 or the empty vector were treated with IR 
and used for immunopurification and Mass spectrometry. Additional details are provided in the SI 
text. 
Deubiquitination assays. 
Ubiquitin-Vinyl Methyl Ester (Ub-VME) probe labeling and In vitro H2Aub 
deubiquitination assay were done as described in the SI text.  
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Supplemental Materials And Methods 
Cell culture, plasmids, antibodies and chemicals 
Primary human lung fibroblasts LF1, BAP1-deficient human lung squamous carcinoma 
NCI-H226, cervical cancer HeLa, osteosarcoma U2OS, breast cancer MCF7 carrying an I-SceI 
cassette and HEK293T cells were cultured in Dulbecco's modified Eagle's medium (DMEM) 
supplemented with 10 % fetal bovine serum (FBS) and penicillin/streptomycin (Pen/Strep) in 5% 
CO2 at 37oC. Chicken bursa lymphoma DT40 Cre-1 (1) were cultured in Roswell Park Memorial 
Institute (RPMI) medium supplemented with 10% FBS, 1% chicken serum, 100 μM β-
mercaptoethanol and Pen/Strep in 5% CO2 at 40 oC. Cervical cancer HeLa S3 cells used for 
complex purification were cultured in Minimum Essential Media (MEM) supplemented with 5% 
FBS/ Pen/Strep in 5% CO2 at 37 oC.  
Cloning of human BAP1 WT and C91S were described (2). BAP1 mutant in 
phosphorylation sites (P-MUT: T273A, S276A, S571A, S583A, S592A and S597A) was 
generated using gene synthesis (BioBasic). Other mutants of BAP1 were generated by site directed 
mutagenesis. BAP1 (WT and mutants) were then subcloned into pENTR D-Topo plasmid (Life 
Technologies) and recombined into pMSCV-Flag/HA-IRES-Puro. The targeted sequences of 
shBAP1 #1 and #2 are GGCTGAGATTGCAAACTATGAG and 
GGTTTCAGCCCTGAGAGCAAAG respectively (2). pCDNA.3 Flag-H2A plasmid was 
described (3).  
 Monoclonal anti-BAP1 (C4), polyclonal anti-BAP1 (H300), monoclonal anti-BRCA1 (D9), 
polyclonal anti-RAD51 (D92), polyclonal anti-53BP1 (H300), polyclonal anti-YY1 (H414), 
monoclonal anti-p53 (DO.1), polyclonal anti-OGT (H300) antibodies were purchased from Santa 
Cruz. Polyclonal anti-ubiquityl-histone H2A lysine 119 (#8240), polyclonal anti-phospho histone 
H3 serine 10 (#3377), Anti-pSQ (#6966), pCHK1 S345 (#2348) and normal rabbit IgG (2729) are 
from Cell Signaling.  Monoclonal anti-phospho-H2A.X serine 139 (05-636) and monoclonal anti-
β-actin (C4) antibodies were purchased from Millipore. Polyclonal anti-HCF-1 (A301-400A) and 
polyclonal anti-ASXL2 (A302-037A) were purchased from Bethyl laboratories. Monoclonal anti-
p21 (556431) was purchased from BD Pharmingen. Monoclonal anti-Flag (M2) was purchased 
from Sigma and monoclonal anti-HA (HA11) was purchased from Covance. Polyclonal anti-
phospho DNA-PK S2056 (ab18192) is from Abcam. Mouse polyclonal anti-FOXK1 antibody was 
kindly provided by Dr. Xiao-Hua Li (Southwestern University of Texas). Fluorophore-coupled 
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secondary antibodies anti-mouse/anti-rabbit Alexa Fluor 488 and Alexa Fluor 596 were purchased 
from Life Technologies. The PI3-Kinase inhibitor caffeine (4), was purchased from Sigma-
Aldrich. The ATM inhibitor KU-55933 (5), was purchased from Selleck Chemicals. The ATR 
inhibitor VE-821 (6), was purchased from Selleck Chemicals. The CDK1 inhibitor RO-3306 (7), 
was purchased from Calbiochem. The CDK1, CDK2 and CDK5 inhibitor Roscovitine (8), was 
purchased from Cell Signaling. The CDK2 inhibitor Purvalanol A (9) and GW8510 (10), were 
purchased from Abcam and Sigma-Aldrich respectively. The CDK2, CDK1 and and CDK4 
inhibitor SU9516 (11), was purchased from Tocris Bioscience 
siDUB screen 
U2OS cells were transfected with individual siRNA pool (consisting of 4 pooled siRNA 
oligonucleotides) targeting DUBs (ON-TARGETplus® SMARTpool® siRNA Library - Human 
Deubiquitinating Enzymes) or the non-target control from Dharmacon (G-104705, Lot 10138) 
using Lipofectamine 2000 (Life Technologies). Three days post-transfection, cells were exposed 
to 5 Gy of ionizing radiation (IR) and collected 24 hours later for immunostaining.  Approximately 
100 cells were counted for each condition and cells with more than 10 DNA damage foci were 
considered as positives.   
RNAi and immunoblotting 
For siRNA experiments, we used ON-TARGETplus® SMARTpool® siRNA against 
human BAP1 and non-target control (Dharmacon, Thermo Scientific). Transfections of siRNA or 
shRNA constructs were done using Lipofectamine 2000 (Life Technologies).  
Total cell extracts were prepared in lysis buffer (25 mM Tris-HCl, 1% SDS) and protein 
concentration was determined by bicinchoninic acid (BCA) assay. SDS-PAGE and western 
blotting were conducted according to standard procedures. The band signals were acquired using 
the LAS-3000 LCD camera coupled to the MultiGauge software (Fuji, Standford, CT) 
BAP1 gene targeting 
 The DT40 Cre-1 cell line harboring the fusion protein of Cre and the hormone-binding 
domain of the mutated estrogen receptor (Mer) (1) was used to generate the BAP1 conditional KO. 
Gene targeting and southern blotting were done essentially as previously described (12). The 
targeting constructs were assembled in pBluescript II. The first BAP1 allele was targeted with a 
puromycin resistance cassette. The second allele was replaced by an insert flanked with two loxP 
sites that contained the human BAP1 gene under the chicken beta-actin promoter and a blasticidin 
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S resistance cassette. Antibiotic resistance cassettes were previously described (1). Positive clones 
were screened by southern blot on BglII digested genomic DNA with probes generated by PCR 
with the following primers: TCCCGCTCAACTGAAGTTCT and 
CCACAAATGCTCTGAGTGGA. To excise the human BAP1 gene from the conditional BAP1 
KO cells, cells were treated with 50 nM of 4-hydroxytamoxifen for 4 days. Cells were then sub-
cloned to isolate BAP1 constitutive KO clones. 
Clonogenic survival assay 
DT40 cells were seeded on plates containing DMEM with 1.5% methylcellulose, 10% 
FBS, 1% chicken serum, 100 μM β-mercaptoethanol and Pen/Strep. For the IR treatment, the cells 
were exposed to a cesium-137 source (Gamma Cell; Atomic Energy Canada) at the indicated doses 
prior seeding. For the Olaparib treatment, cells were seeded in the methylcellulose media 
containing the indicated concentrations of Olaparib (Selleck chemical). Cells were incubated at 40 
oC for 20-30 days to allow colony formation. 
H226 stable cell lines expressing Flag-HA-BAP1 WT, C91S or P-MUT were treated with 
indicated doses of IR and incubated for 5-7 days. The surviving colonies were washed with 
phosphate-buffered saline (PBS) and fixed with 3 % paraformaldehyde for 20 minutes. Cells were 
then stained with 0.2 % crystal violet for 10 minutes followed by several washes with PBS. 
Retained staining was then extracted with 10 % acetic acid and the optical density (OD) of the 
extracted dye was determined by spectrophotometry at 540 nm. The population survival rate is 
determined by the average ratio between the OD of the treated sample and the untreated control 
sample. 
Chromosome aberrations analysis 
DT40 cells were treated with 2 Gy of IR and fixed after 3.5 hours. To enrich cells in 
metaphase, cells were treated with 100 ng/mL of colcemid for 2 hours prior fixation, metaphase 
spreading and Giemsa staining. Analysis was performed on 100 metaphases of each population. 
Chromosome abnormalities (isochromatid/ chromatid gaps and breaks and radial figures) were 
scored.  
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sIgM phenotype conversion assay 
After 20 min incubation with anti-chicken IgM-FITC (Bethyl #A30-102F, 1:800) in 
phosphate-buffered saline (PBS) containing 2% bovine serum albumin (BSA), DT40 cells were 
sorted by flow cytometry to obtain homogeneous sIgM negative (sIgM-) populations. Multiple cell 
populations were cultured in 24-well plates (100 000 cells per well) for 90 doubling times (splitting 
1:2 every 1 or 2 days). Their sIgM phenotype is determined by flow cytometry with the same 
staining procedure used for cell sorting.  
Immunofluorescence 
Cells were immunostained as previously described (2). The nuclei were stained with 4',6-
diamidino-2-phenylindole (DAPI). Images were acquired using the Zeiss Axio Imager Z.2 
microscope, Zeiss Acroplan/N-Acroplan 40X/0.65 -0.17 objective and AxioCAM MRm camera.  
Flow cytometry analysis 
DNA content of cells was analyzed essentially as described (13). Briefly, cells were 
harvested by trypsinization and fixed with 70 % ethanol. After PBS wash, cells were treated with 
100 µg/ml RNase A for 30 min at 37 °C and stained with 50 µg/ml propidium iodide. 
DT40 cells intracellular staining for anti-BAP1 (monoclonal) and anti-phospho histone H3 
serine 10 was done as follows. Around 1X106 cells were fixed with 70 % of ethanol, blocked with 
1 % BSA in PBS and incubated with the indicated primary antibody for 1.5 hours followed by 
incubation with Alexa Fluor 488-coupled secondary antibody for 1 hour. Between the antibodies 
incubation, cells were washed with PBS and PBS containing 1 % BSA. DNA was co-stained as 
described above. 
BrdU incorporation in DT40 cells was determined using 1X106 fixed cells following 
incubation with 20 μM of BrdU for 30 min. DNA of the fixed cells was denatured using HCl 4N/ 
Triton 0.5 % for 30 min and neutralized by 100 mM Borax pH 8.5. Cells were then blocked with 
1 % BSA in PBS followed by incubation with anti-BrdU antibody coupled to Alexa 488 (clone 
MoBU-1, 1:200, Life Technologies) for 1 hour. DNA was co-stained as described above. 
Cells were analyzed using a LSRII flow cytometer (Becton Dickinson) and data were 
processed with FlowJo V887 software (Tree Star, Inc.).  
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Chromatin immunoprecipitation on I-SceI-induced double strand break (DSB) 
Induction of a single DSB following I-SceI expression, ChIP experiments and real-time 
PCR were done essentially as previously described (14). Polyclonal anti-BAP1 (H300), polyclonal 
anti-ubiquitinated histone H2A lysine 119 (DC27C4) and normal rabbit IgG (2729) were used for 
ChIP experiments. Primers for ChIP experiments were described earlier (15). ChIP on ectopically 
expressed Flag-HA-BAP1 or mutants was conducted using anti-Flag antibody. First BAP1 
constructs were transfected using X-tremeGENE 9 (Roche, #06365779001), then electroporated 
24 hours later with the  pCAG-ISCEI plasmid before harvesting. Values were calculated as 
percentage of the input relative to the IgG control, which is set to 1.   
Chromatin fractionation 
 Chromatin fraction was obtained as previously described (16). Briefly, HeLa cells were 
treated with 15 Gy of IR and fractionated with 50 mM Tris-HCl pH 7.3, 50 mM NaCl, 0.5% Triton, 
5 mM EDTA, 50 mM NaF, 10 mM beta-glycerophosphate, 1 mM Na3VO4, 10 mM 2-
mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride (PMSF) and anti-protease cocktail 
(Sigma). The pellet fraction (the chromatin) was washed several times with the fractionation buffer 
before sonication. Proteins were quantified and used for western blotting. 
Purification of BAP1-associated proteins following DNA damage and identification of 
phosphorylation sites 
Around 3 X 109 HeLa S3 cells expressing stably Flag-HA-BAP1 or the empty vector (2) 
were treated with 10 Gy of IR. Total extracts were prepared 3 hours post-treatment by lysing cells 
with 50 mM Tris-HCl pH 7.3, 50 mM NaCl, 0.5% NP-40, 50 mM NaF, 10 mM beta-
glycerophosphate, 1 mM Na3VO4, 10 mM 2-mercaptoethanol, 1 mM PMSF and anti-protease 
cocktail (Sigma). Lysates were clarified by centrifugation at 20 000g for 30 min and filtration 
through 0.45 μM filter. Tandem purification (Flag-HA) was done essentially as previously 
described (17). Mass spectrometry analysis was provided by the Taplin facility at Harvard Medical 
School (Boston). PRO-Q Diamond phosphoprotein gel stain was purchased from Life 
Technologies. The polyacrylamide gel was fixed and stained according to the manufacturer’s 
protocol.   
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Ub-VME hybridization assay 
Ubiquitin-Vinyl Methyl Ester (Ub-VME) probe purification and hybridization assay was 
done as previously described (18). Purified BAP1 complexes or total cell extract were incubated 
with Ub-VME for 2 hours at room temperature. Reactions were stopped by adding Laemmli buffer 
and analysed by western blotting.  
In vitro ubH2A deubiquitination assay 
Native nucleosomes were isolated from HEK293T cells transfected with pCDNA.3 Flag-
H2A. As previously described with some modifications, soluble chromatin fraction was obtained 
by nucleosomes digestion with micrococcal nuclease (MNase, Sigma) (19). Cells were lysed in 
420 buffer (50 mM Tris-HCl pH 7.3, 420 mM NaCl, 1% NP-40, 1 mM PMSF, protease inhibitor 
cocktail (Sigma), and 20 mM of N-ethylmaleimide (NEM) to block any DUB activity associated 
with chromatin. After centrifugation, the chromatin pellet was washed twice with the same buffer 
followed by two washes using MNase buffer (20 mM Tris-HCl pH 7.3, 100 mM KCl, 2 mM 
MgCl2, 1 mM CaCl2, 0.3 M sucrose, 0.1% NP-40, 1 mM PMSF and protease inhibitor cocktail). 
Chromatin was then treated with 3 U/ml MNase for 10 min at room temperature and the reaction 
was stopped with 5 mM EDTA. Following high-speed centrifugation, the soluble chromatin 
fraction was incubated overnight at 4 °C with Flag M2 agarose beads (Sigma). Beads were then 
washed several times with EB 300 buffer (50 mM Tris-HCl pH 7.3; 5 mM EDTA; 300 mM NaCl; 
10 mM NaF; 1% NP-40; 1 mM PMSF; 1 mM dithiothreitol (DTT); protease inhibitors cocktail 
(Sigma)) containing 20 mM NEM, followed by several washes with EB 300 buffer without NEM. 
Beads bound nucleosomes were then eluted with Flag peptides (0.2 μg/ml). The isolated 
nucleosomes were used for the in vitro deubiquitination assay with Flag-HA BAP1 complexes 
purified at different times post-IR treatment (5 Gy). The DUB reaction was carried in (50 mM 
Tris-HCl, pH 7.3; 1mM MgCl2; 50 mM NaCl; 1 mM DTT) for 4 hours at 37°C, stopped by adding 
2X Laemmli buffer and analyzed by western blotting. 
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Supplemental Figures 
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Figure S1. A) BAP1 depletion using shRNA constructs impairs IRIF formation. U2OS cells were transfected 
with two different shRNA constructs against BAP1 (shBAP1 #1 and shBAP1 #2) and treated with IR (7.5 Gy). 16 
hours post-treatment, cells were fixed for immunostaining of the indicated proteins. Representative images of the 
experiment are shown. White dashed lines encircle the BAP1-depleted cells. B) BAP1 promotes homologous 
recombination foci (BRCA1 and RAD51) formation after DNA damage. Original images of Figure 2A are shown. 
Human fibroblast LF1 cells transfected with control or BAP1 siRNA constructs were combined (1:1) and treated with 
IR (7.5 Gy). Cells were fixed at different time points post-IR (0h, 6h, 12h and 24h) and subjected to immunostaining 
of the indicated proteins. BAP1-depleted cells were identified by decreased BAP1 signal and are encircled by white 
dashed lines. Note that BAP1 RNAi-treated cells were mixed with the control RNAi-treated cells in these 
immunofluorescence experiments to facilitate the comparison. 
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Figure S2. A) Depletion of BAP1 does not cause major defects in cell cycle. Human fibroblast LF1 cells were 
BAP1-depleted by siRNA and subjected for western blotting of the indicated proteins (left panel) and cell cycle profile 
analysis by flow cytometry using propidium iodide (right panel). Percentage of cell population at each cell cycle phase 
is shown. B) Depletion of BAP1 does not induce stabilization of p53. LF1 cells were BAP1-depleted using siRNA 
and treated with IR (7.5 Gy). Cells were collected at different time points following IR treatment and proteins were 
analyzed by western blot for the indicated proteins. C) BAP1-depleted cells have increased H2A ubiquitination. 
LF1 cells were treated with siControl (siNT) or siBAP1 and combined (1:1) before fixation and immunostaining of 
the indicated proteins. Representative images of the stainings are shown. BAP1-depleted cells were identified by 
decreased BAP1 signal and are encircled by white dashed lines. 
Figure S2. A) Depletion of BAP1 does not cause major defects in cell cycle. Human fibroblast LF1 cells were 
BAP1-depleted by siRNA and subjected for western blotting of the indicated proteins (left panel) and cell cycle profile 
analysis by flow cytometry using propidium iodide (right panel). Percentage of cell population at each cell cycle phase 
is shown. B) Depletion of BAP1 does not induce stabilization of p53. LF1 cells were BAP1-depleted using siRNA 
and treated with IR (7.5 Gy). Cells were collected at different time points following IR treatment and proteins were 
analyzed by western blot for the indicated proteins. C) BAP1-depleted cells have increased H2A ubiquitination. 
LF1 cells were treated with siControl (siNT) or siBAP1 and combined (1:1) before fixation and immunostaining of 
the indicated proteins. Representative images of the stainings are shown. BAP1-depleted cells were identified by 
decreased BAP1 signal and are encircled by white dashed lines. 
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Figure S3. A) BAP1 is highly conserved between human and chicken. Alignment of Gallus gallus 
(NP_001025761.1) and Homo sapiens ( NP_004647.1) BAP1 with ClustalW2 and visualized with Geneious software 
R6.1.4. Identical amino acids (a.a.) are highlighted in green, similar a.a. are highlighted in yellow and not similar a.a. 
are in gray. B) Human BAP1 inserted in chicken bap1 locus can be excised by Cre induction. Excision following 
3 days of Cre induction was analyzed by flow cytometry using an anti-human BAP1 antibody. 
cxxvi-2 
 
 
Figure S4. A) BAP1 KO cells proliferate at slower rates. Cells were seeded at the same number at day 0 
and counted at days 1, 3 and 5. The experiment was repeated 3 times. Data are presented as mean ± SD. 
Statistical analysis was performed using Student’s t-test, *P < 0.05. B) BAP1 KO cells did not shown any 
major defect in G1 phase progression. BAP1 KO DT40 cells were incubated with 200 ng/ml of 
nocodazole to arrest the cells in M phase. Different times after the addition of the drug, cells were fixed and 
subjected to cell cycle profile analysis by flow cytometry using propidium iodide. C) BAP1 KO cells have 
a slightly decreased S phase population as revealed by BrdU incorporation. Cells were incubated with 
BrdU for 30 min prior fixation and co-stained with anti-BrdU antibody and propidium iodide. Cell cycle 
profile and BrdU uptake were analyzed by flow cytometry. The experiment was repeated 3 times. Data are 
presented as mean of BrdU positive cells ± SD. Statistical analysis was performed using Student’s t-test, 
*P < 0.05. Representative results of the experiment are shown on the right. D) BAP1 KO cells have similar 
number of mitotic cells than BAP1 WT cells. Asynchronous cells were fixed and co-stained with anti-
phosphorylated H3S10 antibody and propidium iodide. Mitotic population was analyzed by flow cytometry 
. The experiment was performed 3 times. Data are presented as mean of phosphorylated H3S10 positive 
cells ± SD. Representative results of the experiment are shown on the right. 
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Figure S5. BAP1 KO DT40 cells have increased chromosome breaks following DNA damage. BAP1 KO DT40 
cells were treated with 2 Gy of IR and fixed after 3.5 hours. Colcemid was added to the cells for 2 hours prior fixation 
to enrich mitotic cells. A) Representative images of metaphase spreads of each population are shown. Red arrows 
indicate chromosomal aberrations. B) At least two independent experiments were done and chromosome aberrations 
of 100 cells were counted in each experiment. Cumulative results of all experiments are shown in Figure 3E. 
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Figure S6. Phosphorylation of BAP1 following IR treatment.  A) G2/M checkpoint was induced by 
IR treatment in the HeLa S3 cells used for BAP1 complexes purification. Cells were treated with IR 
(10 Gy) and fixed 24h post-treatment for cell cycle profile analysis by flow cytometry using propidium 
iodide. This assay was conducted to control for the efficiency of the IR treatment in our large scale 
complexes purification. B) BAP1 is phosphorylated on specific residues following IR. BAP1 
phosphorylated peptide sequences identified by mass spectrometry are shown. Phospho-residues are 
colored in red and their position in BAP1 sequence are indicated. C) Two BAP1 IR-specific phospho-
sites are conserved. Alignment of BAP1 amino acid sequence from different species using Geneious 
software R6.1.4. Accession numbers are shown. BAP1 IR-specific phospho-residues are squared in red. D) 
IR treatment does not affect the assembly of major components of the BAP1 complexes. Quantification 
of protein peptides by MS/MS revealed that the composition of the BAP1 core complex does not change 
following IR. E) BAP1 DUB activity is not affected by IR. DUB activity was revealed by Ubiquitin-VME 
(Ub-VME) probe labeling assay.  IR-treated HeLa and U2OS total cell extracts were incubated with Ub-
VME probe for 2 hours and analyzed by western blot using BAP1 antibody. The shifted-up BAP1 bands 
are indicative of probe labeling. 
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Figure S7. Characterization of BAP1 phosphorylation following DNA damage.  A) Mutation of BAP1 
phosphorylation sites. U2OS cells stably expressing Flag-HA-BAP1 mutants were treated with IR (7.5 Gy) for 3 
hours and used for immunoprecipitation using anti-Flag beads.  The samples were subjected to western blotting using 
an anti-pSQ.  YY1 was used as a loading control. Note that mutation of the S276 site (also an SQ motif) does not 
decrease the signal detected with this anti-pSQ (compare the pSQ signal versus BAP1 signal in the 
immunoprecipitation). This antibody recognizes pS/TQ(G) found at the position 592 of BAP1. B) The role of ATR 
in the phosphorylation of BAP1. HeLa cells stably expressing Flag-HA-BAP1 were pretreated with the ATR 
inhibitor VE-821 for 1 hour and then with IR (7.5 Gy) for 3 hours and used for immunoprecipitation using anti-Flag 
beads. C) DNA-PK is not required for the phosphorylation of BAP1. Immunoprecipitation of BAP1 from DNA-
PK-deficient and proficient cells, MO59J and MO59K, respectively before and after IR (7.5 Gy) treatment.  D) HCF-
1 is not required for phosphorylation of BAP1. U2OS cells stably expressing Flag-HA-BAP1 WT, ∆HBM or SQ-
MUT were treated with IR (7.5 Gy) for 3 hours and used for immunoprecipitation of BAP1 using anti-Flag beads. E) 
The inhibition of CDKs does not affect BAP1 phosphorylation. HeLa cells stably expressing the empty vector or 
Flag-HA-BAP1 WT were pretreated with the indicated CDK inhibitors for 1 hour and then with IR (7.5 Gy) for 3 
hours and used for immunoprecipitation using anti-Flag beads. The immunoprecipitated BAP1 samples were 
immunoblotted against anti-pSQ or stained with PRO-Q. F) Characterization of BAP1 P-MUT following IR 
treatment. HeLa cells stably expressing the empty vector, Flag-HA-BAP1 WT or P-MUT were treated with IR (7.5 
Gy). Following immunoprecipitation using anti-Flag beads, the samples were subjected to immunoblotting using anti-
SQ or stained with PRO-Q. G) The BAP1 P-MUT does not lose interaction with the major partners of BAP1. 
HeLa S3 cells stably expressing the empty vector, Flag-HA-BAP1 WT or P-MUT were subjected for immuno-
purification using anti-Flag and anti-HA beads followed by silver staining. The major components of the BAP1 
complexes were detected by western blot. H) BAP1 P-MUT exhibits H2A DUB activity in vitro. Flag-HA-BAP1 
WT or P-MUT complexes were incubated with purified nucleosomes for the indicated time points.  H2A 
deubiquitination was analysed by western blotting. 
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Figure S8. H226 BAP1-deficient cells reconstituted with BAP1 WT, catalytic inactive (C91S) or phospho-
mutant (P-MUT). A) H226 cells stably expressing different Flag-HA-BAP1 mutants were fixed and stained with 
anti-HA antibody and DAPI. B) Cells were treated with IR (15 Gy) for the indicated time points and harvested for the 
analysis of apoptosis. The samples were fixed with ethanol, stained with propidium iodide and analyzed by flow 
cytometry for the sub G1 population. C-D) H226 BAP1-deficient cells harbor intrinsic DNA damage foci and 
exhibit genomic instability.  C) H226 cells were immunostained for γH2AX and DNA was stained with DAPI. H226 
cells showed constitutive γH2AX foci. D) Chromosome instability in H226 cells was visualized by DAPI-stained 
DNA. Presence of micronuclei and inter-nuclear bridges are indicated by the white arrows. 
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